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ELECTRONIC  STRUCTURE,  AMORPHOUS  MORPHOLOGY  AND  THERMAL 
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G.  Lucovsky 

Departments  of  Physics,  Electrical  and  Computer  Engineering,  and  Materials  Science  and 
Engineering,  North  Carolina  State  Univ.,  Raleigh,  NC  27695,  USA 

This  paper  is  presented  to  honor  Professor  Radu  Grigorovici  at  his  90th  birthday  celebration 
for  his  outstanding  contributions  to  the  chemical  bonding  and  atomic  structure  of  amorphous 
semiconductors,  including  the  chalcogenides  that  are  highlighted  at  this  conference.  A 
chemical  bonding  approach  is  applied  in  this  paper  to  non-crystalline  transition  metal  oxides 
and  their  silicate  and  aluminate  alloys.  Transition  metal  oxides  and  alloys  are  considerably 
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structure  of  transition  metal  chalgogenide  alloys. 
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1.  Introduction 

Interest  in  the  electronic  structure  of  amorphous  semiconductors  was  stimulated  by  two 
advances  in  technology  that  occurred  more  than  25  years  ago:  i)  the  discovery  of  reversible  and 
irreversible  electronic  and  optical  switching  in  chalcogenide  alloys  by  Ovshinsky  and  his  coworkers  at 
Energy  Conversion  Devices,  ECD  [1,2],  and  ii)  the  fabrication  of  photovolatic  devices  in 
hydrogenated  amorphous  silicon  by  Carlson  and  Wronski  at  RCA  [3].  These  advances  in  technology 
resulted  in  a  world-wide  interest  in  the  properties  of  amorphous  semiconductors,  including  Si  and  Ge, 
the  elemental  and  compound  chalcogenides,  as  well  as  more  complex  chalcogenide  alloys.  Whilst  the 
primary  dedication  of  this  paper  is  to  Professor  Radu  Grigorovici  for  his  pioneering  work  in  chemical 
bonding,  atomic  structure,  and  transport  and  optical  properties  of  chalcogenides  and  other  elemental 
amorphous  semiconductors,  three  other  pioneers  in  this  field  warrant  recognition  as  well.  This  are  i) 
Sir  Neville  Mott  for  the  role  he  and  his  coworkers  at  University  of  Cambridge  and  elsewhere  played 
in  the  development  of  a  microscopic  understanding  of  the  electronic  properties  of  amorphous 
semiconductors  [4],  iii)  Josef  Stuke  for  his  pioneering  studies  of  crystalline  Se  and  Te,  and  transport 
properties  of  amorphous  Si  and  Ge  [5.6],  and  finally,  iii)  Stan  Ovshinsky  for  having  the  courage, 
determination  and  remarkable  insight  to  seek,  and  to  find  new  and  unanticipated  properties  in 
complex  chalcogenide  alloys  that  were  well  outside  of  the  comfortable  envelope  of  the  prevailing 
conventional  wisdom  [\, 2], 

The  primary  motivation  for  the  research  presented  in  this  paper  has  been  the  search  for  new 
dielectric  materials  for  advanced  Si  devices.  Non-crystalline  alloys  of  group  IIIB  and  IVB  transition 
metal  oxides  and  rare  earth  oxides,  e.g.,  Y(La)203  and  Zr(Hf)02.  and  Gd(Dy)203,  respectively,  alloyed 
with  Si02  and  AI2O3,  have  been  proposed  as  alternative  high-k  gate  dielectrics  for  these  advanced  Si 
devices  with  decreased  dimensions  and  increased  levels  of  integration  [7].  Increases  in  k  relative  to 
Si02  permit  the  use  of  physically  thicker  films  to  obtain  the  same  effective  capacitance  as  devices 
with  physically  thinner  SiOa  gate  dielectrics,  providing  potential  for  significantly  decreased  direct 
tunneling.  However,  decreases  in  direct  tunneling  associated  with  this  increased  physical  thickness  are 
negated  in  part  by  reductions  in  the  conduction  band  offset  energies  that  define  the  tunneling  barrier 
between  the  Si  substrate  and  the  dielectric.  This  paper  develops  a  classification  scheme  for  non¬ 
crystalline  oxide-based  dielectrics  [8],  and  uses  this  as  the  basis  for  molecular  orbital,  MO, 
calculations  that  have  established  an  inherent  correlation  between  the  energy  difference  of  transition 
metal  atomic  n+1  s-  and  n  d-states  and  the  conduction  band  offset  energies  between  transition  metal 
oxides  and  oxide  alloys  and  Si  [9,10].  These  offset  energies  determine  i)  the  barrier  for  direct 
tunneling  between  the  Si  substrate  and  the  transition  metal  dielectric,  and  ii)  the  activation  energy  for 
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injection  into  localized  transition  metal  anti-bonding  states  in  the  silicate  and  aluminate  alloys.  The 
paper  then  extends  the  new  insights  obtained  for  this  new  understanding  of  the  fundamental  electronic 
of  transition  metal  and  rare  earth  oxide  non-crystalline  alloys  to  transition  metal  chalcogenide  non¬ 
crystalline  alloys.  For  example,  it  establishes  a  theoretical  approach  for  electronic  structure  of 
amorphous  semiconductors  in  which  the  coordination  of  the  constituent  atoms  is  outside  the  confines 
of  the  8-N  rule  description  that  applies  to  amorphous  Se,  and  As2S(Se)3,  GeS(Se)2,  etc  [6]. 

As  applied  to  the  transition  metal  and  rare  earth  oxides  and  their  alloys,  the  empirical  model 
of  Ref.  10  has  shown  that  the  lowest  lying  conduction  bands  in  crystalline  transition  rnetal  elemental 
and  binary  oxides  are  derived  from  atomic  d-states  of  the  transition  metals.  The  ab  initio  MO  model 
of  this  paper  demonstrates  this  assignment  is  not  restricted  to  elemental  and  binaiy  crystalline  oxides, 
but  applies  more  generally  to  non-crystalline  transition  metal  oxides  and  their  alloys  as  well  [11-13J. 
This  approach  and  the  qualitative  electronic  structure  results  are  directly  transferable  to  transition 
metal  chacogenides  in  which  sulfur  or  selenium  atoms  replace  oxygen,  and  the  p-state  derived  valence 
bands  of  S  and  Se  do  not  overlap  the  d-state  derived  conduction  bands  of  the  transition  metal  atoms. 
However,  there  are  qualitatively  different  electronic  and  optical  properties  in  transition  metal  tellunde 
alloys  that  result  from  the  overlap  of  Te  5p  valence  bands  with  anti-bonding  transition  metal  d-states. 

2.  Classification  of  non-crystallne  oxides 

Zallen  [14]  has  identified  and  discussed  three  different  atomic  scale  amorphous  morphologies 
for  non-crystalline  solids  i)  continuous  random  networks,  crn’s,  as  exemplified  by  S1O2  with 
predominantly  covalent  bonding  between  the  constituent  atoms,  ii)  modified  continuous  randorn 
networks,  mcrn’s,  as  exemplified  by  silicate  alloys  in  which  metal  atom  ionic  bonds  disrupt  and 
modify  the  covalently  bonded  cm  structure,  and  iii)  random  close  packed,  rep,  non-periodic  solids 
comprised  entirely  of  negative  and  positive  ions.  A  classification  scheme  based  on  bond  ionicity  is 
used  to  distinguish  three  different  groups  of  non-crystalline  dielectrics  with  these  three  distinct 

amorphous  morphologies  [8].  .  •  .,1,  u 

There  are  several  different  ways  to  define  bond  ionicity.  The  most  rigorous  way  is  through 
calculations  of  the  electronic  structure  with  the  application  of  an  atomic  scale  metric  such  as  an 
atomic  radius  that  is  defined  in  a  self-consistent  manner  and  preserves  overall  charge  neutrality. 
However,  there  is  an  intimate  relationship  between  electronegativity  [15],  X,  and  the  fundamental 
atomic  electronic  structure  that  is  reflected  in  the  variation  of  X  across  the  periodic  table.  This  means 
that  X  provides  an  appropriate  metric  for  defining  a  bond  ionicity  that  is  correlated  directly  with  the 
electronic  structure  of  the  constituent  atoms.  A  definition  of  bond  ionicity,  Ib,  as  originally  introduced 
by  Pauling,  is  the  basis  for  a  classification  scheme  of  this  paper  [15]. 

For  example,  if  X(0)  is  the  Pauling  electronegativity  of  oxygen,  3.44,  and  X(Si)  is  the 
corresponding  electronegativity  of  silicon,  1.90,  then  the  electronegativity  difference  between  these 
two  atoms,  AX  =  X(0)  -  X(Si),  is  1.54.  Applying  Pauling's  empirical  definition  of  bond  ionicity,  Ib, 

Ib=  l-exp(-0.25(AX)"),  (0 

gives  a  value  of  Ib  for  Si-0  bonds  of  ~  45  %.  The  range  of  AX  values  for  the  oxides  of  interest  in  this 
paper  ranges  from  about  from  1.5  to  2.4.  For  this  range  of  AX,  Ib  is  approximately  a  linear  function 
of  AX,  so  that  AX  and  Ib  are  functionally  equivalent  scaling  variables.  It  is  important  to  understand 
that  charge  localization  on  the  silicon  and  oxygen  atoms,  i.e.,  effective  ionic  charges,  cannot  be 
determined  directly  from  these  values  of  bond  ionicity.  In  Si02,  there  are  vr-bonding  interactions 
between  silicon  atom  states  with  d-like  symmetries  that  are  the  acceptor  states  for  a  back  donation  of 
charge  from  oxygen  2p  n  states  that  make  the  definition  of  an  effective  ionic  charge  a  more  subtle, 

and  inherently  complex  issue  [16,17].  „  .  u 

The  non-crystalline  oxides,  and  As  and  Ge  chalcogenides  as  well,  with  AX  up  to  about  1.5 
form  covalently-bonded  continuous  random  networks,  cm's,  in  which  the  constituent  atoms  have  a 
coordination  that  reflects  its  primary  chemical  valence;  e.g.,  tvi'o  for  O,  S  and  Se,  three  for  N  and  As, 
and  four  for  Si  and  Ge  [14].  The  bonding  in  these  ern  materials  obeys  the  8-N  rule  independent  of 
any  7t-bonding  contributions  that  arise  from  back  donation  into  d-like  polarization  states  of  the  P,  As, 
Si  or  Ge  atoms  [4].  The  glass  forming  character  of  these  materials,  as  well  as  their  low  defect 
densities  in  thin  films  and  bulk  glasses,  is  correlated  with  the  number  of  bonding  constraints  per  atom 
and  has  been  discussed  in  detail  in  a  series  of  seminal  papers  by  Phillips  and  his  coworkers  [18-21]. 

The  second  class  of  non-crystalline  dielectrics  form  modified  cm^s,  mem’s,  which  include 
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ionic  bonding  arrangements  of  metal  atoms  that  modify  and  disrupt  the  network  structure.  This  class 
of  dielectrics  is  characterized  by  values  of  AX  between  about  1.6  and  2.0,  or  equivalently  bond 
ionicities  between  about  47  and  67%.  The  most  extensively  studied  and  characterized  oxides  in  this 
group  in  are  the  metal  atom  silicate  alloys,  for  example  Si02  that  has  been  alloyed  with  Na20,  CaO, 
Ti02,  Zr02,  etc.,  and  quenched  from  the  melt  [14].  This  class  also  includes  deposited  thin  film  AI2O3, 
Ti02  and  Ta205,  and  transition  metal  atom  silicate  alloys  such  as  (Zr(Hf)02)x(Si02)i-x  in  the 
composition  range  up  to  about  x~0.5  [8].  The  non-crystalline  range  of  alloy  formation  in  deposited 
thin  films  is  increased  significantly  with  respect  to  what  it  is  in  bulk  glasses  quenched  from  the  melt. 
The  coordination  of  oxygen  atoms  in  cm’s  is  typically  two,  and  increases  to  approximately  three  in 
the  mcrn’s  (see  Table  1).  As  examples,  the  average  coordination  of  oxygen  is  2.8  in  thin  film  Ta205 
and  3.0  in  AI2O3,  and  increases  from  2  to  3  in  the  group  IVB  silicate  alloys  as  the  Zr02  or  Hf02 
fraction,  x,  is  increased  from  doping  levels  less  0.01  up  to  alloy  levels  of  0.5. 

Table  1.  Electronegativity  difference,  AX,  average  bond  ionicity,  lb,  and  metal  and  oxygen 
coordination  for  Si02  and  high-k  alternative  dielectrics.  The  (La203)2(Si02)i  alloy  contains 
both  O  ions  and  silicate  groups,  and  as  such  the  0  atoms  have  more  local  coordinations  of  4 

and  3,  respectively. 


DIELECTRIC 

AX 

Ib 

COORDINATION  M,  M  or 
Si 

COORDINATION 

0 

CONTINUOUS  RANDOM 

NETWORKS 

metal  /  silicon 

oxygen 

Si02 

1.54 

0.45 

4 

2.0 

CRN’S  WITH  NETWORK 
MODIFIERS 

AI2O3 

1.84 

0.57 

4  and  6  (3:1) 

3.0 

Ta205 

1.94 

0.61 

6  and  8(1:1) 

2.8 

Ti02 

1.90 

0.59 

6 

3.0 

(Zr02)o.i(Si02)o.9 

1.61 

0.48 

8  and  4 

2.2 

(Zr02)o.23(Si02)o.77 

1.70 

0.51 

8  and  4 

2.46 

(Zr02)o.5(Si02)o.5 

1.88 

0.59 

8  and  4 

3.0 

(Ti02)o.5(Si02)o.5 

1.72 

052 

6  and  4 

2.5 

(Y203),(Si02)2 

1.88 

0.59 

6  and  4 

2.86 

(Y203)2(Si02)3 

1.93 

0.61 

6  and  4 

3.0 

(Y203),(Si02), 

1.99 

0.63 

6  and  4 

3.11 

(Al203)4(Zr02)i 

2.02 

0.64 

4  and  8 

3.0 

(Al203)3(Y203), 

1.97 

0.62 

4  and  6 

3.0 

RANDOM  CLOSE  PACKED  IONS 

HfOj 

2.14 

0.68 

8 

4.0 

Zr02 

2.22 

0.71 

8 

4.0 

(La203)2(S  102)1 

2.18 

0.70 

6  and  4 

3.5 

Y2O3 

2.22 

0.71 

6 

4.0 

La203 

2.34 

0.75 

6 

4.0 

The  third  group  of  non-crystalline  oxides  has  a  random  close  packed  ionic  amorphous 
morphology  [14].  This  class  of  oxides  is  correlated  with  AX  >  2,  and  a  Pauling  bond  ionicity  of 
greater  than  -67%.  This  group  ineludes  transition  metal  oxides  that  are  deposited  by  lo\v  temperature 
techniques  including  plasma  deposition,  and  sputtering  with  post-deposition  oxidation  [7].  The 
coordination  of  the  oxygen  atoms  in  these  rep  structures  is  typically  four. 

Table  1  includes  i)  a  list  of  representative  elemental  and  binary  oxide  alloys,  as  well  as 
values  of  ii)  AX,  iii)  lb,  and  iii)  the  average  O-atom  and  cation  bonding  coordinations.  In  summary, 
values  of  AX  of -1.6  and  -2.0  separate  these  elemental  and  binary  into  three  different  groups;  i)  erns 
for  AX  up  to  1.6,  ii)  mem’s  for  AX  between  -1.6  and  2.0,  and  iii)  rep  ionic  structures  for  AX  >  2.  As 
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The  average  coordination  of  0-atoms  is  2  for  the  crn’s,  between  2  and  3  for  the  mcrn’s  and  greater 
than  3,  and  typically  four  for  the  rep  oxides.  The  values  of  Ib,  calculated  from  Eqn.  [2],  that  separate 
these  three  groups,  are  approximately  47%  and  67%. 

Fig.  1  contains  a  plot  of  the  average  oxygen  atom  coordination  as  a  function  of  the  average 
bond  ionicity,  lb-  The  values  of  oxygen  atom  coordination  are  either  i)  inferred  from  measurements  or 
measured  directly  [22],  or  ii)  determined  from  crystalline  compounds  [16].  Since  Ib  is  a  linear 
function  of  AX  for  the  oxides,  and  silicate  and  aluminate  alloys  of  interest,  the  average  oxygen  atom 
coordination  also  scales  linearly  with  AX.  The  approximately  linear  variation  suggests  a  fundamental 
relationship  between  charge  localization  of  the  oxygen  atom  and  bonding  coordination.  A 
classification  scheme  for  chalcogenides  can  be  formulated  in  terms  of  electronegativity;  however,  the 
scale  is  severely  compressed  due  to  the  decreased  electronegativities  of  S,  Se  and  Te  with  respect  to 
O.  However,  a  classification  scheme  based  on  the  bonding  coordination  of  the  chalcogen  atoms  is 
more  useful.  For  example,  it  separates  chalcogenides  into  groups  with  inherently  different  amorphous 
morphologies,  the  most  important  of  which  are  ern's  and  mern's. 


Bond  ionicity,  1^ 

Fig.  1.  Average  oxygen  atom  coordination  as  a  function  of  the  average  bond  ionicity,  Ib  for 

Si02  and  elemental  and  binary  oxides  that  have  been  considered  as  alternative  high  -  k  gate 

dielectrics. 

Returning  to  the  oxides,  the  emphasis  of  the  next  few  sections  of  the  paper  will  be  on 
transition  metal  silicate  and  aluminate,  pseudo-binaiy  alloys  of  group  IIIB  and  IVB  transition  metals 
and  rare  earth  lanthanides,  with  either  Si02  or  AI2O3,  respectively.  These  pseudo-binary  alloys  have 
modified  continuous  random  network  structures  in  which  the  transition  metals  atoms  either  disrupt  the 
work  ern  structure  of  Si02,  or  substitute  for  the  six-fold  coordinated  AP^  ions  of  the  non-crystalline 
AI2O3  structure  [22].  The  coordination  of  group  IVB  transition  metals  such  as  Zr  and  Hf  has  been 
shown  to  be  a  function  of  the  Zr(Hf)02  fraction  in  the  low  concentration  silicate  alloys  [23],  so  that 
both  tetrahedral  and  higher  coordinations  up  to  eight  oxygen  neighbors  must  be  addressed.  In  order  to 
evaluate  the  potential  of  these  alloys  for  applications  as  high-k  gate  dielectrics  for  advanced 
semiconductor  devices,  it  is  necessary  to  understand  their  electionic  structure.  Conversely,  a 
quantitative  understanding  of  electronic  structure,  particularly  the  atomic  parentage  of  the  valence 
band  states,  and  the  lowest  conduction  band  or  anti-bonding  states  provides  a  basis  for  interpretation 
of  many  important  optical  and  electrical  experimental  results. 

3.  Molecular  orbital  calculations 

Fig.  2  is  a  molecular  orbital  energy  level  diagram  for  a  group  IV  transition  metal,  e.g.,  Ti,  in 
an  octahedral  bonding  arrangement  with  six  oxygen  neighbors  [11-13].  Each  oxygen  atom  is  assumed 
to  provide  one  a  and  two  n  2p-electrons  for  potential  bonding  with  the  neutral  group  IV  atoms,  each 
of  which  contributes  four  additional  electrons.  The  symmetries  and  n  or  a  character  of  the  resulting 
orbitals  are  determined  by  symmetries  of  the  group  IVB  and  oxygen  atomic  states.  Of  the  twenty-two 
available  electrons,  fourteen  are  involved  a  and  Jt  bonding,  and  the  remaining  four  are  in  oxygen  atom 
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non-bonding  orbitals  with  n  character.  The  calculations  show  that  the  spatial  localization  of  the 
transition  metal  atomic  d-states  gives  a  solid  state  broadening  significantly  less  than  their  energy 
separation  relative  to  transition  metal  s-states.  The  top  of  the  valence  band  is  associated  with  non¬ 
bonding  7t  orbitals  of  oxygen  atom  p-states,  and  the  first  two  conduction  bands  are  associated  with 
transition  metal  d-states.  In  order  of  increasing  energy  these  conduction  bands  have  the  following 
symmetries  t2g(jr*),  and  eg(a*).  The  next  conduction  band  is  derived  from  transition  metal  s-states 
with  aig{a*)  character.  The  energy  separation  between  the  top  of  the  valence  band  and  the  aig(a*) 
band  edge  defines  an  effective  ionic  band  gap  with  essentially  the  same  energy  as  that  of  non¬ 
transition  metal  insulating  oxide;  i.e.,  ~  8-9  eV  [13].  Higher  lying  conduction  bands  are  derived  from 
transition  metal  p-states  with  both  a  and  n  character,  tiu  (a*,7t*).  The  ordering  of  the  first  three 
conduction  bands  in  crystalline  Ti02  has  been  verified  by  electron  energy  loss  and  X-ray 
spectroscopies,  which  confirm  the  relative  sharpness  of  the  t2g(7i*),  and  eg(a*)  bands,  the  increased 
width  of  the  aig(a*)  band,  as  well  as  an  ionic  band  energy  >  8  eV  [24]. 


Fig.  2.  Relative  orbital  energies  for  a  group  IVB  transition  metal  in  an  octahedral  bonding 
geometry  with  six  oxygen  atom  neighbors. 


A  group  theoretical  analyses  of  the  relative  energies  and  symmetries  of  valence  and 
conduction  band  orbitals  for  four-  and  six-fold  coordinated  transition  metal  atoms  in  tetrahedral  and 
octahedral  bonding  environments  [13,16]  reveals  a  different  ordering  and  a  and  n  assignment  of  the 
transition  metal  d-states  (see  Table  2).  The  lowest  lying  anti-bonding  or  conduction  band  states  are 
derived  from  the  triply  degenerate  transition  metal  d-states  for  the  octahedral  bonding,  and  the  doubly 
degenerate  d-states  for  the  tetrahedral  bonding.  The  symmetry  of  these  anti-bonding  states  can  be 
correlated  directly  with  the  spatial  orientation  between  the  d-orbitals  and  the  oxygen  neighbors.  If  the 
orbitals  of  one  of  the  d-states  groups,  tg  or  eg,  can  be  directed  toward  the  nearest  neighbors,  then  these 
orbitals  are  involved  in  s  bonding  interactions,  whilst  the  other  set  is  involved  in  p  bonds.  This 
establishes  the  ordering  in  relative  energy  of  the  bonding  and  anti-bonding  derived  from  these  d- 
states.  This  type  of  analysis  can  be  readily  extended  to  other  coordinations;  e.g.,  eight-fold,  and  other 
bonding  symmetries,  e.g.,  cubic  and  trigonal  prism.  The  reader  is  referred  to  Refs  13  and  16  for 
details,  including  the  group  theoiy  symmetry  designations  of  the  bonding,  non-bonding  and  anti¬ 
bonding  states. 

Table  2.  Comparison  of  bonding,  non-bonding  and  anti-bonding  states  for  octahedral  and 
tetrahedral  coordination  of  transition  metal  atoms. 


Symmetry  Designation* 

Octahedral  Coordination 

Tetrahedral  Coordination 

Bonding  States,  (^) 

aig(a‘’)[2],t,„(a\7t'’)[6], 

e„(a'>)[4],t2„(rr'’)[6] 

a,(cT'’)[2],t2(a^7l'>)[6], 

e(n‘>)  [4],t,(x‘’)f61 

Non-bonding  States 
(1  a  and  2  n  electrons/O) 

tlu(cf,Tt)  [6],tig  +  t2„  [12] 

t.(7t)[12] 

Anti-bonding  States,  (*) 

t2g(’i*)  [6],  eg(a*)  [4], 

aie(cj*)  [2],  ti„(a*  ,  Tt*)  [6] 

e(7t*)  I4],t2(o*,7t*)[12], 
a, (a*)  [2],  12(0’’)  [6] 

♦  The  numbers  in  brackets  are  the  number  so  states  available  in  each  orbital.  The  occupancy  depends  on  the 
number  of  electrons  available  from  the  transition  metal  (i.e.,  its  formal  ionization  state),  and  coordination  of  the 
oxygen  atom  ligands. 
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The  calculations  further  demonstrate  that  the  energy  difference  between  the  lowest 
conduction  band  witli  t2g(7t*)  symmetry,  and  the  bottom  of  the  aig(a*)  band  scales  with  the  difference 
in  energy  between  the  n+1  s-  and  n  d-states  of  the  transition  metal  atoms  [25],  The  argument  for  this 
proceeds  as  follows:  since  the  ionic  band  gaps,  defined  in  terms  of  transitions  between  the  p-derived 
valence  band  states  of  the  oxygen  and  the  s-derived  conductions  band  states  of  the  transition  metals, 
are  at  about  the  same  energy,  ~  8-9  eV,  the  larger  the  energy  difference  between  the  transition  metal 
atomic  s-  and  d-states,  and  the  closer  the  d-state  bands  are  to  the  top  of  valence  band.  This  means  that 
the  smallest  band  gaps  of  transition  metal  oxides  and  silicate  and  aluminate  alloys  will  scale 
approximately  with  the  difference  in  energy  between  the  transition  metal  s-  and  d-states.  Since  the 
transition  metal  s-states  are  all  at  approximately  the  same  energy  with  respect  to  vacuum,  this  means 
additionally  that  the  lowe.st  band-gaps  are  expected  to  scale  with  the  energy  difference  between 
oxygen  or  chalcogen  atom  p-states  and  the  transition  metal  d-states  (see  Fig.  3). 


Atomic  p-state  energy  (eV) 

Fig.  3.  Optical  band  gap  versus  the  energy  of  the  atomic  p-states  of  oxygen,  sulfur  and 
selenium  for  i)  Hf02,  HfS2  and  HfSe2,  and  ii)  MnO,  MnS,  and  MnSe. 

The  scaling  in  Figs.  3  and  the  results  in  Table  3  show  that  energy  level  schemes  similar  to 
Fig.  2  apply  to  transition  metal  chalcogenides  in  which  oxygen  is  replaced  by  sulfur  and  selenium 
[19,20].  Fig.  3  is  a  plot  i)  optical  band  gap  versus  the  energy  of  the  atomic  p-states  of  oxygen,  sulfur 
and  selenium  for  (a)  Hf02,  HfS2  and  HfSe2  [4,19],  and  (b)  MnO,  MnS,  and  MnSe  [20],  and  Table  3 
compares  the  optical  band  gap  versus  atomic  n  d-state  energy  of  the  transition  metal  atom  for  group 
IVB  oxides,  sulfides  and  selenides  [4,19].  The  plot  in  Fig.  3  shows  that  for  a  given  transition  metal, 
the  band  gap  scales  with  the  p-state  energy  of  the  chalcogen,  whereas  the  results  in  Table  3  show  that 
for  a  fixed  negative  ion,  O  or  S,  the  band  gap  scales  with  the  energy  of  the  transition  metal  atom  d- 
state.  The  results  in  Table  3  show  that  for  a  given  cation,  O,  S  or  Se,  the  optical  band  gap  scales  as  the 
energy  of  the  atomic  d-state  of  the  transition  metal. 


Table  3  .  Comparison  between  band  gaps  of  group  IV  B  oxides,  sulfides,  and 
selenides,  and  d-state  energy  of  group  IVB  transition  metals,  Ti,  Zr  and  Hf. 


band  gap  (eV) 

group  IVB  atom 

d-state  (eV) 

oxide 

sulfide 

selenide 

Ti 

-11.1 

3.05 

6.0 

<0.5 

<0.5 

Zr 

-8.5 

6.0 

1.9 

1.1 

Hf 

-8.8 

6.0 

1.9 

1.15 
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4.  Band  offset  energy 

The  band  offset  energy  between  the  conduction  band  of  Si  and  the  empty  anti-bonding  or 
conduction  band  states  of  a  high-k  dielectric  is  important  in  metal-oxide-semiconductor,  MOS,  device 
performance.  It  defines  the  barrier  for  direct  tunneling,  and/or  thermal  emission  of  electrons  from  an 
n^  Si  substrate  into  the  dielectric.  In  alloys  such  as  Al20:3-Ta205,  or  Si02-Zr02,  it  defines  the  energy 
of  localized  Ta  and  Zr  transition  metal  electron  trapping  states,  respectively,  relative  to  the  Si 
conduction  band  minimum  [28]. 

The  energies  with  respect  to  vacuum  of  the  atomic  n+1  s-states  of  the  group  IIIB,  IVB  and 
VB  are  approximately  constant,  ~  -7  eV.  The  band  gaps  of  the  transition  metal  oxides  have  been 
shown  in  Table  3  to  scale  with  the  energies  of  the  n  d-atomic  states  of  the  transition  metal  atoms. 
Based  on  the  molecular  orbital  model  of  Fig.  2,  it  is  reasonable  to  assume  that  the  difference  in  energy 
between  the  lowest  anti-bonding  d-states  and  s-states  scales  with  the  difference  in  the  energies  of  the 
atomic  n+1  s-  and  n  d-states.  If  this  is  the  case,  then  the  band  offset  energy  between  the  conduction 
band  of  Si  and  the  lowest  conduction  band  of  the  transition  metal  oxides  must  also  scale  with  the 
absolute  value  of  the  difference  between  the  energies  of  the  atomic  n+1  s-  and  n  d-states  (see  Fig.  2). 
Fig.  4  displays  the  band  offset  energies  of  transition  metal  oxides  from  Refs.  9  and  10  as  a  function  of 
the  atomic  s-  state  to  d-state  energy  difference.  The  data  points  in  Fig.  4  display  an  approximately 
linear  dependence,  supporting  the  assumptions  made  on  the  basis  of  the  molecular  orbital  model 
description  of  the  electronic  structure  of  the  transition  metal  oxide  derived  conduction  band  states. 


Difference  between  n+1  s  and  n  d  energies  (eV) 


Fig.  4.  Band  offset  energies  from  versus  the  absolute  value  of  the  n+1  s  -  n  d  energy  difference 
for  transition  metal  elemental  oxides  and  silicates. 

5.  Recent  experimental  results 

5.1.  Trapping  at  Transition  Metal  Sites  in  AUOj-TazOs  Alloys 

Alloys  of  AI2O3  and  Ta205  with  different  concentrations  of  Ta205  have  been  prepared  by 
remote  plasma  assisted  deposition  onto  hydrogen  terminated  Si(lOO)  substrates  and  incorporated  into 
MOS  capacitors.  These  alloys  are  pseudo-binary  in  character  with  Ta-0  and  Al-0  bonds,  but  no 
spectroscopic  evidence  for  Al-Ta  bonds;  the  details  are  discussed  in  Ref.  21.  In  addition  as  shown  in 
Ref.  9,  there  is  a  large  anisotropy  between  the  conduction  and  valence  band  offset  energies  of  Ta205, 
-0.3  eV  and  3.0  eV,  whilst  the  corresponding  offset  energies  for  AI2O3  show  a  smaller  anisotropy, 
2.1  eV  as  compared  with  3.7  eV.  Fig.  5  indicates  the  leakage  current  from  an  n^  Si  substrate  as  a 
function  of  temperature.  Flat  band  voltage  shifts,  and  hysteresis  in  for  capacitance-voltage  C-V,  data 
in  the  low  temperature  regime,  are  consistent  with  electron  trapping,  whereas  the  C-V  data  in  the  high 
temperature  regime  are  consistent  with  emission  out  of  trapping  states.  Combining  these  C-V  data 
with  the  energy  band  scheme  of  Fig.  2,  the  activation  energy  in  the  low  temperature  regime,  -0.3  eV, 
for  electron  trapping  is  assigned  to  the  difference  in  energy  between  the  Si  conduction  band  and  the 
lowest  lying  t2g(7c*)  state  of  a  six  fold  coordinated  Ta  atom,  and  the  activation  energy  at  higher 
temperatures,  -1.5  eV,  is  assigned  to  emission  out  of  these  Ta  traps  into  the  conduction  band  of  the 
AI2O3  matrix.  These  two  energies  are  consistent  with  the  measured  band  offset  energy  of  Ta205  with 
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respect  to  Si,  -0.36  eV,  as  determined  from  X-ray  photoelectron  spectroscopy,  XPS  [9],  and  the 
energy  difference  between  the  measured  band  offset  energies  for  AI2O3  and  TajOs  with  respect  to  Si, 
~1 .7  eV,  also  measured  by  XPS. 


Fig.  5.  Cuirent  versus  1/T  for  a  capacitor  with  a  Ta205-Al203  alloy  dielectric,  x  ~  0.4. 

5.2.  Coordination  dependent  dynamic  infrared  effective  charges 

A  comparative  study  of  the  infrared  reflectivity  of  group  IVB  and  VIB  crystalline 
dichalcogenides,  Zr(Hf)S(Se)2  and  Mo(W)S(Se)2,  respectively,  has  yielded  significantly  different 
dynamic  transverse  infrared,  ir,  effective  charges,  e*T,  for  vibrational  modes  with  atomic 
displacements  perpendicular  to  the  crystalline  c-axis  (for  details  see  Ref.  29).  The  group  IVB 
transition  metals  are  in  an  octahedral  bonding  geometry,  whilst  the  group  VIB  transition  metals  are  in 
trigonal  prism  geometry.  The  values  of  e*T,  for  the  group  IVB  dichalcogenides  are  about  8  to  9  times 
larger  than  for  the  group  VIB  dichalcogenides.  e*T  is  typically  —  4-5e  for  the  group  IV  chalcogenides, 
and  ~  0.25e  for  the  group  VI  chalcogenides.  These  differences  in  e*T  can  not  be  explained  on  the  basis 
of  an  ionic  bonding  model;  e.g.,  the  bond  ionicity  for  Zr-S  is  ~0.3,  so  that  the  ionic  charge  would  be 
no  more  than  about  1.2e.  However,  in  the  context  of  the  MO  model,  the  charges  are  dynamic 
character,  and  the  large  difference  derives  an  increased  dynamic  contribution  due  to  the  more 
symmetric  bonding  orbital  geometry  at  the  octahedral  bonding  sites  of  the  group  IVB  chalcogenides. 

A  similar  effect  has  been  identified  for  the  Zr  and  Hf  silicates,  where  there  is  a  significant 
enhancement  of  the  dielectric  constant  for  low  concentration  silicate  alloys  [23].  In  this  instance,  the 
increase  has  been  correlated  with  a  change  in  bonding  coordination.  In  the  low  concentration  regime, 
analysis  of  extended  X-ray  absorption  fine  structure  spectra,  EXAFS,  has  indicated  a  Zr  atom 
coordination  of  about  four,  whilst  for  the  stoichiometric  silicates,  e.g.,  ZrSi04,  the  coordination  is 
eight.  The  bonding  geometry  at  the  four-fold  site  is  presumed  to  be  tetrahedral,  whereas,  at  the  higher 
concentrations  it  is  assumed  to  the  same  as  in  the  crystalline  zircon  phase,  i.e.,  a  cubic  prism  [30].  An 
empirical  model  indicates  a  decrease  in  e*T  by  at  least  a  factor  of  two  between  these  two  geometries, 
with  the  effective  charge  being  larger  in  the  more  symmetric  tetrahedral  geometry.  A  linear 
combination  of  the  transition  metal  Cg  d-states  can  be  directed  along  the  tetrahedral  directions  when 
there  is  mixing  with  the  transition  metal  s-states.  These  four  orbitals  are  equivalent  in  character,  hence 
the  high  symmetry  of  this  coordination.  However,  expansion  to  eight  fold  coordination  does  not 
provide  eight  equivalent  orbitals,  hence  a  distortion  from  a  perfect  cubic  bonding  arrangement,  a 
reduction  in  symmetry,  and  a  decreased  dynamic  effective  charge.  This  is  underlying  region  for  the 
bond  order  reduction  of  two  between  the  four  and  eight  fold  bonding  coordinations  of  Ref  23. 


Electronic  structure,  amorphous  morphology  and  thermal  stability  of  transition  metal  oxide  and  . . .  163 


5.3.  Localized  anti-bonding  d-state  derived  levels  in  Zr  silicate  alloys 

Fig.  6  displays  X-ray  absorption  spectroscopy,  XAS,  spectra  for  series  of  Zr  silicate  alloys, 
(Zr02)x(Si02)i.x,  X  -0.05,  0.2,  0.5  and  1.0  as  obtained  at  Brookhaven  National  Laboratory;  details  of 
these  measurements  [31]  and  the  alloy  preparation  are  described  elsewhere  as  well.  The  spectral 
features  are  assigned  to  dipole-allowed  transitions  between  M2_3  p-core  states  of  the  Zr  atoms,  and 
conduction  band  states  derived  from  the  4d  (a  and  b,  and  a'  and  b')  and  5s  (c  and  c')  atomic  states  of 
Zr.  The  bonding  arrangements  of  Zr  and  Si  atoms  in  these  alloys  have  been  addressed  in  Refs.  22  and 
23.  As-deposited  alloys  prepared  by  plasma  deposition  are  non-crystalline  and  pseudo-binary  with  Si- 
O  and  Zr-O  bonds,  but  no  detectable  Zr-Si  bonds.  After  annealing  at  900  to  1000°C  the  x  =  0.5  alloys 
phase  separates  in  Si02  and  crystalline  Zr02,  and  x  =  1.0  is  also  crystallizes.  The  energies  of  the 
highlighted  features  in  the  M2.3  XAS  spectra  in  Fig.  6  are  independent,  up  to  an  experimental 
uncertainty  of  ±  0.1  eV,  of  the  alloy  composition  and  state  of  crystallinity.  The  independence  of  these 
spectral  features  on  alloy  composition,  and  the  relatively  small  changes  that  take  place  on 
crystallization  of  a  Zr02  phase  after  annealing  are  consistent  with  a  molecular  orbital  description.  The 
MO  calculations  indicate  localization  of  d-states  on  the  TM  atoms  with  energies  determined 
predominantly  by  coordination  and  symmetry  of  their  oxygen  neighbors,  and  are  not  influenced  by 
either  their  second  neighbors  or  the  absence  or  presence  of  long  range  order. 

(Zr02),(SiOj)j,,,,Zr  3p  edge 


Fig.  6.  X-ray  absorption  spectra  as  a  function  of  photon  energy  for  excitation  from  Zr  M2, 3 
p-states  in  empty  Zr  4d  and  5s  states  of  Zr  silicate  alloys.  Before  and  after  a  rapid  thermal 
anneal  at  1000  C.  The  letters  a,  b  andc  and  a',  b'  and  c' designate  the  energy  differences 
between  the  M2  and  M3  p-states,  respectively,  and  the  anti-bonding  Zr  states. 

6.  Non-crystalline  chalcogenides 

Calculations  based  on  the  Pauling  bond-ionicity  approach  have  also  been  applied  to 
amorphous  morphology  and  properties  of  transition  metal  chalcogenide  alloys,  e.g.,  Ni  in  As2Se3 
based  alloys.  Since  the  electronegativities  of  S  and  Se  are  significantly  smaller  than  that  of  oxygen, 
scaling  based  on  bond  ionicity  is  compressed,  and  neither  X  nor  Ib  is  an  appropriate  scaling  variable. 
On  the  other  hand  bond  coordination  is  more  significant,  in  particular  the  breakdown  of  the  8-N  rule 
in  which  chalcogen  atoms  are  assumed  to  have  a  coordination  of  two.  As  indicated  in  Fig.  1  and 
Table  1,  the  8-N  rule  breaks  down  whenever  Si02  is  alloyed  with  a  transition  metal  oxide.  A  similar 
situation  prevails  for  alloys  of  chalcogen  compounds  such  as  As2Se3,  and  transition  metal 
chalcogenides  that  are  alloys  of  As2Se^  and  Cu2Se  or  NiSe.  For  example,  the  bonding  coordination  of 
Se  increases  from  two  to  four  in  the  alloy  system:  As2Se3-Cu2Se,  and  this  increase  in  Se  coordination 
also  occurs  in  disordered  alloys  with  compositions  along  the  pseudo-binary  join  line  from  As2Se3  to 
CuAsSe2  [32]  In  addition,  the  energies  of  the  transition  metal  electronic  states  relative  to  the 
conduction  and  valence  bands  of  a  chalcogenide  alloy  host,  the  occupancy  of  these  states  and  the 
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transition  metal  concentration  are  the  important  factors  in  promoting  a  transition  from  insulating  to 
metallic  conductivity  as  a  function  of  increasing  metal  atom  content. 

This  section  of  the  paper  addresses  two  different  types  of  chalcogenide  materials  that  do  not 
conform  to  the  8-N  rule  [4],  alloys  containing:  i)  tellurium,  such  as  the  Te,  As,  Ge  glass  used  by  the 
IBM  group  for  laser  writing  [33]  the  memory  materials  initially  studied  by  ECD,  Ge,  Te,  Sb  or  As  and 
S  alloys  [1 ,34],  and  ii)  transition  metals  such  as  Ni  [35-37].  Consider  first  the  changes  in  bonding  and 
structure  that  take  plaee  when  Te  is  substituted  for  either  S  or  Se  in  chalcogenide  compounds  and 
alloys. 

Building  on  the  comparisons  made  between  transition  metal  oxides,  sulfides,  and  selenides 
earlier  in  this  paper  there  are  two  issues  to  consider  that  are  different  for  the  corresponding  tellurides; 
i)  band  overlap  between  the  valence  band  states  of  Te  and  the  d-states  of  the  transition  metals,  and  ii) 
changes  in  crystalline  structure  associated  with  the  Te  substitutions.  Consider  first  MnO  and  the  Mn 
chalcogenides.  The  results  presented  in  Fig.  3  and  in  Ref  27,  indicate:  i)  scaling  between  optical  band 
gaps  for  the  oxide,  sulfide  and  selenide,  and  the  atomic  energy  of  the  valence  band  p-state  of  the 
anion,  and  ii)  a  breakdown  of  this  scaling  relationship  for  MnTe  as  indicated  by  the  point  for  MnTe 
that  is  below  the  linear  fit.  The  discussion  in  Ref  27  has  attributed  the  departure  from  linear  scaling  to 
a  qualitatively  and  quantitatively  different  electronic  structure  of  MnTe  in  which  the  d-states  of  Mn 
overlap  the  p-states  of  Te.  This  overlap  also  promotes  a  change  in  the  crystal  structure  from  rock  salt, 
NaCl,  to  the  nickel  arsenide,  NiAs.  In  this  example  MnTe  is  still  a  semiconductor,  whereas  in  the 
transition  metal  dichalcogenides  that  involve  a  smaller  number  of  d-electrons,  a  similar  overlap  of 
anti-bonding  d-bands  of  the  transition  metal  with  the  p-states  of  Te  that  comprise  the  valence  band, 
results  in  metallic  behavior  [26].  The  Te  doped  alloys  used  in  optical  and  electronic  switching  [1,34] 
generally  have  significantly  reduced  band  gaps  with  respect  to  their  Se  and  S  analogs,  and  in  addition 
display  transitions  to  metallic  conductivity  with,  and  without  crystallization. 

Differences  in  the  properties  between  Te  containing  non-crystalline  chalcogenides  and  those 
containing  S  and  Se  are  also  correlated  with  increased  coordination  of  the  Te  atoms  [35];  i.e.,  a 
breakdown  of  the  8-N  rule.  This  increase  in  coordination  requires  the  use  of  d-orbitals  of  the  Te 
changing  the  basic  electronic  structure  and  the  resulting  properties.  The  large  differences  in  the  band 
gap  and  optic  mode  vibrational  frequencies  between  crystalline  and  amorphous  Te  are  consistent  with 
these  changes  in  the  effective  coordination  and  the  resulting  valence  band  structure  [38]. 

The  second  example  of  a  transition  metal  induced  change  in  conducting  properties  occurs  in 
chalcogenides  that  have  been  alloyed  with  Ni.  Two  different  effects  have  been  reported:  i) 
ciystallization  resulting  in  metallic  conductivity  [37],  and  ii)  metallic  conductivity  in  the  non¬ 
crystalline  state  that  occurs  above  a  threshold  concentration  of  Ni  [35,36],  The  second  of  these  effects 
is  attributed  to  local  bonding  arrangements  comprised  of  i)  Ni  with  six  Se  neighbors,  and  ii)  an 
increase  in  the  coordination  of  Se  as  well.  This  arrangement  has  an  odd  number  of  electrons  available 
for  bonding  resulting  in  a  partially  filled  valence  band  and  the  potential  for  metallic  conductivity. 
Based  on  the  atomic  3d-state  energy  of  Ni  and  the  valence  p-state  energy  of  Te,  the  Ni  d-band 
overlaps  the  Te  valence  states,  so  that  at  a  sufficiently  high  concentration  of  Ni,  electrons  can  be 
transported  between  localized  Ni  bonding  sites  resulting  in  the  observed  metallic  conductivity. 

7.  Discussion 

This  paper  has  presented  a  classification  scheme  for  high-k  dielectrics  that  separates  SiOa  and 
the  alternative  non-crystalline  dielectrics  into  three  groups  with  qualitatively  different  amorphous 
bonding  morphologies.  This  paper  has  emphasized  group  IIIB  and  IVB  silicate  and  aluminate  alloys 
that  have  a  modified  continuous  random  network  structure.  In  the  silicate  alloys,  the  transition  metal 
atoms  disrupt  the  covalent  bonding  of  the  host  Si02  network  with  the  transition  metal  atoms 
displaying  a  higher  bond  ionicity  with  respect  to  their  oxygen  neighbors.  The  classification  scheme  is 
integrated  into  a  molecular  orbital  model  that  is  used  to  establish  energy  level  diagrams  for  insulating 
transition  metal  oxides  and  their  silicate  and  aluminate  alloys.  The  ordering  of  the  conduction  band  or 
anti-bonding  states  is  determined  by  the  symmetry  and  coordination  at  the  transition  metal  atom,  and 
their  energy  level  separations  are  correlated  with  differences  between  a  and  n  overlap  integrals  [11- 
13],  One  test  of  the  model  is  the  scaling  of  the  optical  band  gap  with  anion  atomic  p-state  energy  for  a 
given  transition  metal;  e.g.,  HfOa,  HfSj  and  HfSe^.  The  results  in  Fig.  3  show  that  as  the  anion 
becomes  less  electronegative  from  oxygen,  to  sulfur  and  selenium,  the  bandg  gap  between  the  lowest 
lying  transition  metal  d-states  and  valence  band  derived  from  anion  p-states,  decreases  in  direct 
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proportion  to  changes  in  the  anion  atomic  p-state  energies.  This  establishes  that  the  transition  metals 
d-states  are  not  significantly  shifted  in  energy  with  respect  to  changes  in  the  anion  electronegativity. 
In  a  complementary  manner,  the  data  in  Table  3  establish  that  the  energy  difference  between  the 
valence  band  derived  from  chalcogen  or  oxygen  atom  p-states,  and  the  first  conduction  associated 
with  t2g(7i*)  d-states  scales  with  the  atomic  d-state  energy  of  the  transition  rnetal.  The  results  in  Fig.  4 
show  that  conduction  band  offset  energies  with  respect  to  Si  display  a  linear  scaling  in  which  the 
energy  of  the  bottom  of  the  lowest  conduction  band  is  correlated  with  the  ener^  difference  between 
the  transition  metal  n+1  s-  and  n  d-atomic  states.  The  results  displayed  in  Fig.  5  indicate  that  the 
energies  of  transition  metal  d-states  associated  with  the  lowest  unoccupied  orbitals  have 
approximately  the  same  energy  relative  to  the  Si  conduction  in  an  elemental  oxide,  TaaOs,  that  they  do 
in  a  binary  alloy,  Al203-Ta205.  The  results  in  Fig.  6  indicate  the  energies  of  the  Zr  d-states  that  define 
the  lowest  conduction  bands  are  independent  of  the  Zr02  concentration  in  Zr  silicate  alloys,  and 
independent  of  crystallization  as  well.  The  results  presented  above  support  the  validity  of  the  local 
molecular  orbital  description  of  the  electronic  structure  of  transition  metal  oxides  and  their  silicate 
and  aluminate  alloys.  The  model  is  being  refined  to  include  additional  solid  state  effects  associated 
with  renormalization  of  orbitals  and  orbital  energies  that  includes  interactions  with  more  distant 
neighbors.  Based  on  the  results  in  Figs.  5  and  6,  these  interaction  are  not  expected  to  significantly 
shift  the  average  energies  of  anti-bonding  states  derived  from  transition  metal  atomic  d-states,  but  are 
expected  to  yield  a  measure  of  their  width  which  can  be  studied  experimentally  with  X-ray  absorption 
and  electron  energy  loss  spectroscopies. 

The  results  displayed  in  Fig.  4  are  of  particular  importance  to  advanced  Si  devices.  First,  they 
demonstrate  that  the  band  offset  energies  that  define  the  tunneling  barrier,  scale  with  atomic 
properties,  i.e.,  the  energy  separation  between  n+1  s  and  n  d  states  of  transition  metal  and  rare  e^h 
atoms.  Second,  they  demonstrate  that  the  energies  of  intrinsic  localized  states  present  in  transition 
metal  alloys  also  scale  with  the  energy  difference  between  the  Si  conduction  band  and  the  transition 
metal  d-state  energy.  Finally,  they  provide  an  important  atomic  scale  metric  for  identification  of 
potential  high-k  gate  dielectrics.  The  larger  the  energy  separation  between  the  energies  of  the  n+1  s- 
and  n  d-states  of  transition  metal  atoms  of  an  elemental  oxide,  or  transitional  metal  silicate  or 
aluminate  alloy,  the  higher  the  conduction  band  offset  energy  between  Si  and  that  dielectric,  and  the 
lower  the  direct  tunneling  and/or  interfacial  and  bulk  electron  trapping.  The  model  raises  additional 
issues  with  respect  to  tunneling  in  transition  metal  silicate  and  aluminate  alloys.  For  alloys  that  are 
transition  metal  oxide  rich,  the  effective  barrier  for  tunneling  will  be  determined  primarily  by  the 
lowest  anti-bonding  or  conduction  band  states  derived  from  the  transition  metal  d-states,  either  the 
t2g(7t*)  or  eg(cT*)  band  depending  on  the  coordination  of  the  particular  transition  metal.  However, 
localized  transition  metal  derived  t2g(7i’'‘)  or  eg(a*)  states  in  Si02  or  AI2O3  rich  alloys  will  act  more 
like  traps  than  conduction  band  states,  and  their  effect  on  tunnel  transport  is  yet  to  be  determined.  For 
example,  they  clearly  provide  a  pathway  for  increased  tunneling,  but  will  not  necessarily  define  an 
effective  barrier  for  direct  tunneling. 

There  are  other  factors  that  contribute  to  the  performance  of  advanced  Si  devices.  Paramount 
among  them  are  interfacial  defects  that  can  trap  electrons  and/or  holes,  and/or  be  a  source  of  fixed 
charge  that  shifts  threshold  voltages  and  reduces  channel  mobilities  in  field  effect  transistors.  This 
paper  has  addressed  one  class  of  interface  trapping  states  that  are  present  in  silicate  and  aluminate 
alloys.  It  has  not  addressed  fixed  charge  in  the  interfacial  bonding  region  that  is  associated  with  the 
increased  ionic  bonding  character  of  alternative  transition  metal  high-k  dielectrics,  and  for  a 
discussion  of  these  effects  the  reader  is  referred  to  Ref.  39. 

The  structural  model  for  transition  metal  alloys  that  has  emerged  from  the  classification 
scheme,  combined  with  the  molecular  orbital  calculations  provide  insights  into  contributions  to  the 
transverse  dynamic  infrared  effective  charge.  Contributions  of  vibrational  modes  scale  as  the  square 
of  these  charges,  so  that  changes  in  atomic  coordination  with  concentration,  or  between  different 
transition  or  rare  earth  metals,  can  change  their  effective  charges,  and  therefore  their  dielectric 
constants  as  well.  The  two-fold  bonding  coordination  of  S  and  Se  in  chalcogenide  alloys  obeying  the 
8-N  rule  as  in  As2Se(S)3,  is  increased  upon  alloying  with  transition  metal  selenides  in  which  the 
coordination  of  Ni  and  Se  atoms  is  six.  The  coordination  of  Se  in  As2Se3-NiSe  alloys  will  increase 
monotonically  between  two  and  six  as  the  NiSe  concentration  is  increased.  Finally,  the  properties  of 
non-crystalline  chalcogenides  containing  Te  are  qualitatively  different  their  S  and  Se  analogs.  This  is 
attributed  to  two  factors:  i)  reduced  band  gaps  due  to  differences  in  the  energies  of  the  atomic  p-states 
that  comprise  the  valence,  and  ii)  increases  in  atomic  coordination  which  require  d-state  participation 
in  the  valence  band  electronic  structure. 
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The  terms  “photodarkening  (PD)”  and  “photostructural  changes  (PSC)”  have  been  used 
equivalently  in  the  study  of  photoinduced  changes  in  amorphous  chalcogenides.  A  recent 
observation,  e.g.  the  rate  of  PVC  is  higher  than  that  of  PD  under  bandgap  illumination, 
demonstrates  that  there  is  no  one-to-one  correlation  between  the  two  phenomena. 
Furthermore,  recent  results  on  the  dynamics  of  PSC  (in-situ  measurements)  have  shed  new 
light  on  our  understanding  of  D  and  PVC  and  the  current  understanding  should  be  modified.  A 
review  is  given  on  these  topics  through  the  recently  obtained  interesting  results  on  the 
reversible  PD  and  PVC  for  As-based  chalcogenides.  We  pay  attention  in  particular  to  the  time 
evolution  of  these  changes  {in  situ  measurements  etc). 
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1.  Introduction 

Photostructural  change  (PSC)  and  the  related  photodarkening  (PD)  are  phenomena  unique  to 
glassy  or  amorphous  chalcogenides  and  are  not  observed  in  amorphous  group  fV  and  V 
semiconductors  (a-Si,  a-As  etc.),  or  in  ciystalline  chalcogenides  [1-5].  It  is  noted  also  that  the  PD 
disappears  in  some  metal-doped  chalcogenide  glasses  (e.g.  by  doping  with  Cu,  Mn  etc.)  [6,7].  For  a 
long  time,  PD  was  believed  to  be  the  result  of  PSC  and  hence  one  believed  that  there  is  one-to-one 
correlation  between  PD  and  PSC.  An  element  of  uncertainty  has  existed  in  the  literature  in 
establishing  a  relation  between  PD  and  volume  expansion  (VE).  Recent  experimental  results  by 
Ke.Tanaka  [8]  indicated  that  the  rate  of  VE  is  greater  than  that  of  PD  for  bandgap  illumination.  Under 
subgap  illumination,  however,  VE  increases  more  gradually  than  PD.  This  seems  to  indicate  that  no 
direct  correspondence  exists  between  PD  and  VE.  These  results,  however,  were  obtained  for 
metastable  PD  and  PVC,  the  mechanisms  during  illumination  (dynamics)  are  still  unclear. 

It  is  believed  that  a  change  in  the  interaction  of  chalcogen  lone-pair  (LP)  electrons  is 
responsible  for  PD.  The  increase  in  LP-LP  interactions  yields  a  broadening  of  the  valence  band, 
causing  a  reduction  in  the  bandgap  (PD).  The  models,  which  have  been  put  forward  in  support  of  the 
above  mechanism,  can  be  placed  into  the  following  categories:  1)  a  change  in  the  atomic  (chalcogen) 
positions  [2],  2)  bond  breaking  and/or  alternations  between  the  atoms  [5,  9,  10],  and  3)  repulsion  and 
slip  motion  of  structural  layers  (RS  model)  [11].  Any  model  should  be  able  to  explain  the  observed 
behaviors  of  PD  and  PSC  (VE  for  As-based  chalcogenides).  The  study  of  PD  and  PSC  has  therefore 
received  renewed  interest,  and  new  attempts,  e.g.  through  an  in-situ  measument  of  PD  or  PSC  etc., 
have  been  made  to  understand  these  changes  [10,  12,  13].  In  the  present  article,  we  try  to  review  the 
recently  obtained  interesting  results  on  the  reversible  PD  and  VE  for  As-based  chalcogenides.  We  pay 
attention  in  particular  to  the  time  evolution  of  these  changes  (in  situ  measurements  etc.),  which  is 
useful  in  understanding  deeply  the  dynamics  of  PD  and  VE. 

2.  Principal  experimental  data 

As  we  expect  that  most  of  readers  engaged  in  amorphous  chalcogenides  know  what  PD  is, 
only  the  principal  results  for  these  reversible  changes  are  summarized  here  (for  the  readers  who  are 
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also  interested  in  the  historical  background  of  PD,  see  the  review  papers  [1-5]):  1)  a  decrease  in  the 
optical  gap,  e.g.  AE/Eg  «  -2  %  in  AS2S3  (PD);  2)  a  volume  expansion  (VE),  e.g.  AV/V  w  0.5  %  for 
AS2S3;  3)  a  change  in  the  first  sharp  diffraction  peak  (FSDP)  in  X-ray  measurements  for  AS2S3.  All 
these  changes  can  be  reversed  by  annealing  near  the  glass  transition  temperature. 

First,  we  start  from  the  metastable  changes  in  PD  and  VE.  Recent  systematic  experimental 
data  of  PD  and  VE  for  amorphous  chalcogenides  are  informative  and  one  of  examples  for  the 
obliquely  deposited  a-As2Se3  is  shown  in  Fig.l.  It  is  found  that  giant  reversible  changes  are  induced  in 
obliquely  deposited  films  [14].  The  relative  change  Ad/d  in  thickness  and  relative  change  AE/Eg  in 
optical  bandgap  are  shown  for  various  treatments:  A,  as  deposited;  B  after  pre-illumination  annealing; 
C,  after  illumination;  D,  after  post-illumination  annealing.  The  full  circle  represents  the  thickness 
estimated  by  mechanical  measurement  [14].  The  film  thickness  decreases  (thermal  contraction)  and 
the  bandgap  increases  (thermal  bleaching)  by  annealing.  On  illumination,  the  thickness  increases  (VE) 
and  the  bandgap  decreases  (PD).  Post-illumination  annealing  decreases  the  thickness  and  increases  the 
bandgap.  The  above  observations  seem  to  indicate  thatjhere  exist  some  correlation  between  PD  and 
PVC. 


5:r 


Fig.  1.  Variation  in  relative  changes  in  thickness  c/and  optical  bandgap  Eg  of  a-As2Se3 
(after  [14]).  Measurement  conditions  are  described  in  the  text. 

It  was  believed  for  a  long  time  that  PD  and  VE  were  two  different  sides  of  the  same 
phenomenon  and  hence  one-to-one  correlation  should  exist  between  PD  and  VE.  Recently,  however, 
Ke.Tanaka  [8]  has  experimentally  shown  that  the  time  constants  of  the  PD  and  the  VE  in  AS2S3  are 
different.  That  is,  the  VE  saturates  earlier  than  the  PD  for  bandgap  illumination  as  shown  in  Fig.2  (a). 
In  contrast,  under  subgap  illumination  PD  saturates  earlier  than  the  VE  as  shown  in  Fig.  2(b).  These 
experimental  observations,  on  the  other  hand,  suggest  that  these  two  phenomena  (PD  and  VE)  are  not 
directly  related  to  each  other. 

The  composition  dependence  of  PD  in  the  As-Se  system  is  of  interest  and  this  is  shown  in 
Fig.  3  which  is  plotted  from  the  Table  in  ref  [15].  The  magnitude  of  PD  increases  linearly  with  the 
As-content  in  this  composition  region.  From  this  result,  we  expect  that  arsenic  atoms  may  play  an 
important  role  in  inducing  PD.  Note,  however,  that  PD  is  not  found  in  pure  amorphous  arsenic  (a-As) 
[16],  whereas  PD  occurs  in  pure  Se  [2].  The  fact  that  PD  disappears  in  metal-doped  chalcogenides  is 
of  interest,  where  it  is  reported  that  by  the  incorporation  of  Cu,  Ag,  Zn  [6],  and  of  Mn  and  rare  earths 
[7],  PD  vanishes. 


Exposure  time  (s)  Exposure  time  (s) 


Fig.  2.  Photoexpansion  AL  and  photodarkening  as  a  function  of  exposure  time  in  a-AsaSj 
for  (a)  bandgap  and  (b)  subgap  illumination  (after  [8]). 


As  content  (%) 


Fig.  3.  The  dependence  of  As-content  on  the  magnitude  of  photodarkening  AEg 

in  As-Se  system. 

Most  of  the  above  measurements  on  PD  have  been  made  after,  rather  than  during, 
illumination  and  the  various  conclusions  have  been  drawn  for  metastable  PD.  To  clear  the  dynamics 
of  PD  during  illumination,  the  time  evolution  of  changes  in  the  optical  absorption  coefficient  with 
illumination  has  been  studied  for  AsjSj  in  detail  {in  situ  measurement)  [13].  The  variation  of  the 
changes  in  absorption  coefficient  {Ad)  with  the  number  of  absorbed  photons  {up),  at  different 
temperatures,  is  shown  in  Fig.4.  Note  that  Aa  is  calculated  as  Aa^(-I/d)  In(AT),  where  d  is  the  film 
thickness  and  JTthe  change  in  optical  transmission  which  is  defined  here  as  AT=^T/To  {To  is  the 
transmission  when  the  illumination  is  put  on  and  T  is  the  transmission  at  any  time  t).  The  details  of 
experimental  conditions  are  described  in  the  figure  caption.  Initially,  Aa  increases  slowly  with  rip, 
followed  by  a  large  increase  and  then  almost  saturation.  The  magnitude  of  the  changes  decreases  with 
increasing  temperature  with  Aa  being  a  maximum  at  50  K  (in  spite  of  a  slow  initial  variation  with 
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time  or  Up)  and  smallest  at  300  K.  At  50  and  100  K,  the  changes  are  very  slow  to  start  with  and 
increase  rapidly  as  Up  increases,  while  at  200  and  300  K,  there  is  a  more  continuous  growth  of  Aa. 
The  slow  initialization  at  low  temperatures  is  attributed  to  a  smaller  number  of  absorbed  photons,  as 
the  initial  absorption  coefficient  is  small  at  lower  temperatures  {ao=\5Q  cm’^  at  50  K).  With  increasing 
time  of  illumination,  the  number  of  absorbed  photons  rises  owing  to  an  increase  in  the  absorption 
coefficient  resulting  in  a  large  PD  at  low  temperatures.  Taking  into  account  the  initial  absorption 
coefficient  ao,  Fig,4  is  replotted  as  Fig.5,  where  the  variation  of  the  total  absorption  coefficient  {a-ao 
+  Aa)  with  total  absorbed  photons  {rip).  The  solid  lines  are  the  fitting  to  a  model,  which  will  be 
discussed  in  section  3. 
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Fig.  4.  In  situ  variation  of  changes  in  absorption  coefficient  Aa  as  a  function  of  absorbed 
photons  Hp  at  various  temperatures,  x,  A,  □,  and  O  show  the  changes  at  50,  100,  200,  and 
300  K,  respectively.  Illumination  is  by  Ar^  laser  {20mW/cni^)  (after  [13]), 
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Fig,  5.  Variation  of  absorption  coefficient  {a^ag+Aa)  as  a  ftinction  of  number  of  absorbed 
photons  Up  at  various  temperatures.  Description  of  symbols  is  the  same  as  in  Fig.4,  Solid  line 
is  the  fitting  obtained  using  Eq.(3)  in  the  text  (after  [13]). 
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In  situ  measurements  of  photoexpansion  have  also  been  made  for  AS2S3  [12].  Fig.  6  shows  the 
relative  changes  of  thickness,  M/d,  with  time  during  and  after  illumination.  As  soon  as  the  light 
(mercury  lamp)  is  switched  on,  the  thickness  increases  rather  rapidly,  reaches  a  maximum  after 
approximately  30  s,  and  then  decreases  slowly  with  time.  This  decrease  continues  during  the  rest  of 
the  illumination.  This  behavior  of  decrease  in  thickness  change  during  illumination  is  similar  to  that 
of  the  degradation  of  photocurrent  [4,  17]  in  amorphous  chalcogenides.  By  turning  off  the 
illumination,  the  thickness  decreases  slightly.  With  the  passage  of  time  it  decays  slowly,  due  to 
relaxation  of  the  structure,  and  reaches  a  metastable  state  which  can  be  observed  as  usual  VE  [2],  i.e. 
VE  observed  after  illumination.  This  decay  behavior  of  VE  after  the  illumination  is  switched  off  is 

found  to  be  very  similar  to  that  of  the  decay  of  photocurrent  [12]. 

To  understand  the  behavior  of  the  initial  rapid  increase  of  thickness  in  more  detail,  the 
changes  of  thickness  with  time  for  short  time  illumination  (before  showing  the  maximum  change  in 
Fig.  6)  have  been  studied.  The  light  was  put  on  and  off  for  5  and  10  s,  respectively.  The  results  for  the 
relative  changes  in  thickness  are  shown  in  Fig.  7.  The  thickness  decreases  rapidly  as  it  is  switched  off, 
but  does  not  return  to  the  original  value.  This  indicates  that  the  total  increase  of  VE  is  a  combination 
of  transient  and  metastable  VE,  the  latter  remaining  as  the  observed  VE  after  switching  off  the 
illumination.  This  behavior  shows  that  the  metastable  VE  occurs  even  for  short  time  illumination,  and 
accumulates  with  successive  illuminations.  It  is  suggested  that  the  observed  VE  is  purely  due  to 
photoelectronic  effects  and  not  due  to  thermal  effects  [12].  Note,  however,  that  the  in  situ 
measurements  of  PVC  have  been  done  by  white  light  and  thus  the  change  in  PVC  was  not  given  as  a 
function  of  Up.  The  correlation  between  the  rate  of  PVC  and  PD  during  illumination  has  not  been 
established,  and  hence  difficult  to  comment  upon. 


Fig.  6.  Relative  changes  in  thickness  Fig.  7.  Relative  changes  in  thickness 

with  time  for  a- AS2S3  (after  [12]).  with  time  for  short  duration  of  illumination 

for  a-As2S3.  Light  ON  and  OFF  states  is  5 
and  10  s,  respectively  (after  [12]). 


3.  Discussion 

As  already  stated,  a  change  in  the  interaction  of  chalcogen  lone-pair  (LP)  electrons  should  be 
responsible  for  PD  to  occur.  Any  model,  classified  into  three  categories  (see  Introduction),  should 
basically  explain  the  observed  behaviors,  microscopically  and  macroscopically. 

To  understand  an  elemental  process  of  PD,  pure  a-Se  (not  compounds)  should  be  taken  into 
consideration.  An  important  step  in  the  understanding  of  the  mechanism  of  the  photostructural 
changes  was  the  suggestion  that  changes  in  positions  of  atoms  (bond-twisting  of  Se  or  S)  without 
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bond  breaking  can  be  possible,  as  illustrated  in  Fig.  8  (a)  [2].  In  this  figure,  A  and  A’  are  alternative 
sites  for  a-Se  atom  within  the  chain.  B  depicts  a  Se  atom  belonging  to  a  neighboring  chain.  A  photon 
should  be  absorbed  by  a  particular  LP  orbital  (atom  A),  which  thus  becomes  positively  charged.  This 
particular  positively  charged  atom  moves  closer  to  another  nearest-neighbor  chalcogen  atom  by  bond 
twisting,  which  can  be  induced  by  an  attractive  Coulomb  interaction  between  the  two  atoms.  A 
stronger  LP-LP  interaction  can  yield  a  broadening  of  the  VB,  and  thus  resulting  in  PD.  Recently,  this 
original  bond-twisting  model  has  been  slightly  modified  as  follows  [18]:  As  electrons  are  more 
localized  than  holes  in  nature,  negatively  ionized  chalcogen  atoms  by  trapping  photoexcited  electrons 
are  responsible  for  VE  (and  PD)  through  some  unspecified  processes.  The  similar  spectral  dependence 
between  the  photoconductivity  and  VE  may  indicate  the  importance  of  free-carrier  generation  (not 
excitonic  or  geminate  pair  generation).  This  may  suggest  that  optical  excitation  of  electron  and  hole 
itself  is  not  responsible  for  structural  changes.  This  point  will  be  discussed  latter  again  in  the  model  of 
repulsive  and  slip  motion. 


Fig.  8.  (a)  Bond-twisting  model  (after  [2])  and  (b)  bond-breaking  model  (after  [10]) 

which  are  applied  to  a-Se. 

To  get  infonnation  about  the  excited  states  of  photostructural  changes  under  illumination,  in 
situ  measurements  of  EXAFS  have  been  performed  for  a-Se  [5,  10].  A  reversible  increase  in  the 
coordination  number  by  about  5  %  in  the  excited  state  is  observed.  Associated  with  the  change  in 
coordination,  the  disorder  (mean-square  relative  displacement)  also  increases  under  illumination. 
After  illumination,  the  local  change  of  coordination  disappears  whereas  the  light-induced  structural 
disorder  remains  [10].  Thus  the  change  in  coordination  number  is  transient  phenomenon  (not 
metastable  change),  which  has  been  observed  in  VE  (see  Fig.  7).  The  observed  increase  in  the 
coordination  number  suggests  the  formation  of  3-foId  coordination  of  Se.  If  an  excited  Se  atom  finds 
itself  close  to  another  Se  atom  belonging  to  a  nearest-neighbor  chain,  its  unpaired  electron  in  the 
former  LP  orbital  may  interact  with  LP  electrons  of  the  neighboring  chain,  creating  an  inter-chain 
bond.  A  pair  of  3-fold  neutral  sites  Sea^-Ses®  will  be  formed  as  shown  in  Fig.  8  (b)  [10].  The  formation 
of  inter-chain  bonds  may  induce  a  local  distortion,  resulting  in  an  increase  in  the  mean-square  relative 
displacement  of  the  EXAFS  spectrum.  The  formation  of  triply  coordinated  pairs  in  the  photoexcited 
state  (during  illumination)  is  also  supported  by  the  Raman  scattering  data  [5,  19].  This  bond 
alternation  model  is  somewhat  similar  to  the  model  proposed  by  Elliott  [9]:  Excitation  of  an  electron 
into  the  conduction  band  (anti-bonding  state)  changes  the  balance  between  the  attractive  and  repulsive 
interactions  in  the  system.  This  results  in  a  change  of  intermolecular  bonds  (covalent  bonds)  and 
weaker  intramolecular  bonds,  inducing  PD  and  VE  for  compounds  materials  (i.e.  As2S3etc.). 
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Fig.  9.  The  repulsion  and  slip  motion  of  layered  cluster  model  (after  [11]).  The  arrows  E  and  S 
indicate  the  expansion  (due  to  repulsion)  and  the  slip  motions,  respectively.  The  difference  in 
local  enviroments  (and  hence  LP  interactions)  between  chalcogen  atoms  is  indicated  by  the 

broken  lines. 

The  microscopic  models  proposed  for  elemental  Se  [2,  5,  10,  18],  however  cannot  account  the 
occurrence  of  VE  (see  Fig.  8).  For  example,  a  distortion  around  3-fold  coordination  pair  itself 
suggests  “contraction”  around  the  network.  Probably,  overall  network  changes,  which  are  initiated  by 
bond-twisting  or  bond  alternation,  should  be  taken  into  consideration  in  VE  [20].  Some  other 
shortcoming  for  these  models  can  be  difficulty  of  unification,  i.e.  how  to  explain  the  PD  in  compound 
materials?  Answer  to  the  above  questions  should  be  required  in  particular  for  the  case  of  compound 
chalcogenides. 

Both  these  basic  models  consider  only  particular  atoms  which  are  excited  by 
photoirradiation.  It  is  difficult  to  understand,  however,  that  how  and  why  particular  atoms  can  be 
excited  in  a  solid.  The  top  of  the  VB  is  formed  by  LP  bands,  and  hence  there  is  no  reason  why 
particular  atoms  should  be  excited  selectively.  In  fact,  the  bandgap  illumination  is  known  to  be  more 
effective  in  inducing  PD  (localized  states  are  not  selectively  excited).  It  is  therefore  suggested  that  the 
“mesoscopic  or  macroscopic”  interaction  is  dominant  for  both  PD  and  VE  to  occur,  because  LP 
electrons  have  equal  probabilities  of  being  excited.  Therefore,  electrons  or  holes  in  the  extended  states 
(or  band-tail  states)  can  be  regarded  as  being  responsible  for  PD  or  VE,  but  not  individual  atoms  [11]. 

Now,  let  us  briefly  review  the  model  of  repulsion  and  slip  motion  of  structural  layers  (RS 
model)  [11].  As  a  typical  example,  PD  and  VE  for  a-As2Se(S)3  which  is  known  to  have  basically 
layered  structures,  should  be  discussed.  During  illumination,  the  photocreated  electrons  should  reside 
mostly  in  the  CB  tails,  while  the  photocreated  holes  diffuse  away  to  the  unilluminated  region  through 
VB  and  VB  tails,  since  the  mobility  of  electrons  is  much  lower  than  that  of  holes  in  amorphous 
chalcogenides.  Thus  the  layers  which  absorb  photons  become  negatively  charged,  giving  rise  to  a 
repulsive  Coulomb  interaction  between  layers  which  produces  a  weakening  of  the  van  der  Waals 
forces,  and  hence  the  interlayer  distance  increases  (VE). 

This  process  is  indicated  by  the  arrow  E  (process  E)  in  Fig.  9.  The  experimentally  observed 
widening  of  the  valence  angle  subtended  at  sulphur  atoms  within  a  layer  and  hence  subsequent 
increase  in  the  distance  between  two  arsenic  atoms  bridged  by  a  chalcogen  atom  on  illumination  [21] 
can  be  explained  by  the  repulsive  force  involved  in  the  process  E  (dashed  arrow);  the  reaction  of 
repulsive  force  between  layers  acts  as  a  compressive  force  for  each  layer.  Note,  however,  that  the  third 
coordination  sphere  (As-S-As-S)  remains  unchanged,  which  suggests  that  the  dihedral  angle  between 
the  two  adjacent  AsSs  pyramids  changes  simultaneously  with  the  increase  in  the  valence  angle  at  the 
bridging  chalcogen  atom.  It  is  expected,  however,  that  no  change  in  the  LP-LP  interaction  occurs  in 
this  process  and  hence  the  PD  is  not  induced  at  this  stage.  A  slip  motion  along  the  layers  should  also 
take  place  with  the  occurrence  of  the  E  process  between  neighboring  clusters.  This  slip  motion  is 
shown  by  the  arrow  S  (process  S).  As  the  energy  required  for  a  slip  motion  along  layers  is  expected  to 
be  greater  than  that  for  expansion  normal  to  layers,  the  rate  of  S  may  be  lower  than  process  E.  This 
can  be  supported  by  the  fact  that  cleaving  is  very  easy  for  layered  materials,  for  example  graphite. 
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Fig.  10.  Configurational-coordinate  potential-energy  diagram  illustrating  schematically  the 
relative  energies  of  the  ground-state  (X)  and  the  photo-excited  state  (Y). 

Both  the  process  E  and  S  occur  owing  to  the  same  repulsion  force  between  the  layers,  but  only 
process  S  is  expected  to  be  directly  related  to  PD.  Refer  to  corresponding  crystalline  form,  as  shown  in  Fig. 
9,  Sulphur  atom  B  is  more  closely  surrounded  by  sulphur  atoms  from  the  neighboring  layer,  while  sulphur 
atom  A  has  a  different  configuration.  If  the  neighboring  layer  slips  away  from  the  equilibrium  position,  an 
increase  in  the  energy  of  the  highest  occupied  states  (VB)  is  expected  owing  to  an  increase  in  the  total  LP- 
LP  interactions.  This  leads  to  a  widening  of  the  VB,  but  the  CB  remains  almost  unchanged  [22],  resulting 
in  PD.  The  total  free  energy  of  the  system  in  well  annealed  samples  should  be  minimized  and  hence  the 
atomic  or  molecular  configurations  can  be  taken  to  be  at  the  minimum  LP-LP  interactions.  Thus 
quasistable  states  (higher  energy  states)  can  be  induced  by  illumination,  owing  to  both  E  and  S  processes. 
The  potential  energy  stored  in  a  layer  (the  disc-shaped  layers  of  radius  of  1  nm  placed  at  a  separation  of  0.5 
nm  for  a  simple  assumption)  during  illumination  conditions  is  estimated  to  be  6-60  meV  [11].  This 
repulsive  energy  can  induce  VE  by  reducing  the  attractive  van  der  Waals  energy  which  is  estimated  to  be 
about  750  meV  for  each  layer  [23].  The  energy  introduced  into  the  layers  is  about  I-IO  %  of  the  van  der 
Waals  energy,  which  seems  to  be  reasonable  for  inducing  VE  about  0.5  %. 

The  above  models  deal  mainly  with  the  metastable  PD  and  let  us  now  consider  the  mechanism  to 
understand  the  dynamics  of  changes  during  illumination.  The  dynamics  of  PD  and  VE  can  be  described 
well  in  terms  of  configurational-coordinate  (CC)  diagram  for  all  three  models  mentioned  above,  since  a 
quasi-thermal  equiliblium  between  the  ground  and  photoinduced  states  can  be  established.  A  double-well 
potential  with  a  barrier  separating  these  states  (i.e.  two-level  systems)  can  be  simply  assumed.  A  CC 
configuration  as  shown  in  Fig.  10  is  used  to  study  the  time  evolution  of  changes  in  PD  for  the  repulsion 
and  slip  motion  model.  To  explain  the  behavior  of  the  variation  of  the  total  absorption  coefficient  {a~ao  + 
Aa)  with  total  absorbed  photons  («^),  we  consider  the  films  to  contain  clusters  that  act  as  potential  sites  for 
PD.  On  illumination,  these  clusters  undergo  photon-assisted  site  switching  (PASS)  forming  photodarkened 
sites  (PDS),  which  are  associated  with  higher  energy  (Y)  than  the  original  state  (X). 

Let  us  consider  that,  before  illumination,  there  exist  Nr  clusters  in  the  ground  state.  “Clusters” 
may  be  considered  as  equivalent  to  the  “layers”  in  the  RS  model.  The  rate  of  the  growth  of  the  number  (AO 
of  the  PDS  with  the  number  of  absorbed  photons  (pp)  can  be  expressed  as 

^  =  k^{Nr-N)-k,N,  (1) 

drip 

where  kp  is  the  promotion  rate  and  kr  the  recovery  rate.  Assuming  a  time-dispersive  reaction  for 
the  PASS,  the  forward  and  backward  reactions  can  be  expressed  as  kp=Anp^^  and  kr-Bnp^\  respectively, 
where  A  and  B  are  constants  that  depend  on  temperature  and  illumination  intensity,  and  yff  is  a  dispersion 
parameter  (0<;ff<l).  The  dispersive  nature  in  the  reaction  rates,  kp  and  kr,  should  originate  from  cooperative 
motions  of  layerd  clusters.  N  is  then  given  as 


N  =  N, 


l-exp  - 


(2) 
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where  Ns~ANt/(A-^B)  and  Np-[p/(A^B)f  '^  are  the  saturated  number  of  photodarkened  sites  and  the 
effective  number  of  photons,  respectively.  The  fraction  of  PD  occurrence  C(np}  at  any  rip  is  defined  as 
C(np)=N/Ns.  C(np)  lies  between  0  and  1  (0  for  the  intial  state,  i.e.,  before  illumination  when  no  sites  are 
converted,  and  1  when  all  the  potentially  available  sites  are  converted  to  photodarkened  sites).  The 
effective  medium  approximation  (EMA)  can  be  used  to  calculate  the  optical  absorption  coefficient  of  a 
random  medium  [13,  24],  Note  that  originally  the  EMA  was  used  to  calculate  the  dc  conductivity  of  a 
random  mixture  of  particles  under  the  assumption  that  the  inhomogeneous  surroundings  of  a  particle  can 
be  replaced  by  an  effective  medium  [25].  The  total  network  conductivity  in  D  dimension  is  given  as 


0--Or„ 


cr  +  (D-l)cr„ 


=  0, 


(3) 


where  cris  a  random  value  of  conductivity.  Springett  [26]  extended  the  idea  of  EMA  for  the  evaluation  of 
the  ac  behavior  of  a  random  system  by  replacing  the  conductivity  by  a  complex  admittance  {a*~(7jHa2). 
As  the  optical  constants  are  closely  related  to  cr*,  i.e.  the  complex  dielectric  constants,  £*=£ri£2^o’2/o> 
\(Ji/co,  the  optical  absorption  coefficient  a{co)  can  be  also  calculated  through  the  relation  of  a(a))=(j 
(6))/cnso,  where  c  is  the  light  velocity  and  n  the  refractive  index. 

Using  the  derived  C(np)  (from  Eq.(2))  along  with  Eq.(3),  we  can  evaluate  a  as  a  function  of  rip. 
The  fitting  to  a  as  derived  from  Eq.(3)  is  reasonably  good  at  all  temperatures.  The  description  of  the 
symbols  is  given  in  the  figure  caption.  Details  of  the  fitting  parameters,  Np  and  p,  are  given  elsewhere  [13]. 
It  is  expected  that  a  percolative  growth  of  photon-assisted  site  switching  of  “cluster”  to  PD  sites  takes 
place.  The  RS  model  may  further  be  supported  by  the  following  experimental  results.  As  already  stated, 
the  PD  effect  disappears  in  metal-doped  chalcogenides  [6.7].  This  can  be  explained  as  follows:  atoms  of  an 
introduced  metals,  such  as  copper,  may  act  as  bridging  atoms  between  the  layers  and  hence  reduce  the 
flexibility  of  the  layer  network.  Such  bridging  will  then  reduce  the  ability  of  both  VE  as  well  as  the  slip 
motion.  Furthermore,  the  introduction  of  such  a  strong  constraint  also  induces  dangling  bonds  which  act  as 
recombination  centers  [27]  and  which  reduce  the  number  of  photoexcited  free  carriers  considerably.  We 
now  know  that  constraint  of  structural  network  reduces  PD.  A  pressure  dependence  of  PD  confirms  the 
importance  of  constraint.  The  magnitude  of  PD  in  AS2S3  reaches  maximum  at  -5  kbar  and  decreases 
gradually,  vanishing  at  -^57  kbar  [28].  Under  high  pressure,  the  motion  of  the  layers  is  suppressed  and  VE 
cannot  occur  and  hence  no  slip  motion  leads  to  no  PD.  On  the  other  hand,  the  fact  that  the  magnitude  of 
PD  increases  with  the  As-content  in  As-Se  system  (see  Fig.  3)  can  be  explained  as  follows:  It  is  known  that 
a-Se  is  formed  mostly  by  linear  chains.  Introduction  of  As  atoms  bridge  these  Se  chains  and  partially 
layered  structure  can  be  produced.  This  in  turn  increases  the  magnitude  of  PD,  since  the  number  of  layered 
clusters  can  be  increased  in  higher  As-content  in  As-Se  system.  The  reason  why  PD  occurs  in  pure  Se  can 
be  due  primary  the  repulsion  force  between  linear  chains.  Repulsive  force  due  to  electronic  charges 
between  layers  is  expected  to  be  more  stronger  than  that  between  chains.  It  is  noted,  however,  that  As-rich 
system  (more  than  40  %  of  As-content)  may  have  different  structural  unit,  e.g.  As4Se4  molecule.  A  linear 
increase  of  PD  with  As-content  cannot  simply  be  explained  in  terms  of  the  present  model.  This  point  is 
unclear  [4].  As  already  suggested,  one  more  important  factor  for  structural  changes  to  occur  is  the  charge 
separation  during  illumination  [11,  18].  The  RS  model  predicts  also  that  no  VE  and  PD  can  occur  in  very 
thin  films,  because  then  the  photoexcited  holes  cannot  diffuse  away  from  the  illuminated  region  and  hence 
the  layer  surface  area  will  remain  electrically  neutral.  It  was  reported,  in  fact,  that  no  PD  can  be  induced  in 
AS2S3  films  thinner  than  50  nm  [29].  Application  of  electric  field  may  assist  charge  separation  if  the  field  is 
properly  applied  and  may  enhance  PD.  It  is  of  interest  to  examine  whether  this  kind  of  field  effect  is  found 
or  not. 


From  the  similar  spectral  dependence  between  the  PD  and  the  photoconductivity  in  AS2S3  [18], 
and  the  similar  behaviors  between  VE  and  photoconductivity  during  and  after  stopping  the  illumination 
[12],  free-carrier  generation  but  not  geminate  (excitonic)  pairs  is  suggested  to  be  responsible  for  the 
structural  changes,  which  seems  to  be  consistent  with  the  RS  model.  However,  this  model  has  been 
criticized  in  a  view  of  hole  diffusion  length:  The  major  difficulty  in  the  RS  model  suggested  by  Ke.  Tanaka 
[18]  may  be  the  temperature  dependence  of  VE.  The  VE  becomes  greater  at  lower  temperatures,  while  the 
hole  diffusion  length  will  be  shorter  at  low  temperatures.  To  our  view,  however,  the  ability  of  charging 
negatively  in  illuminated  region  should  not  only  be  dominated  by  “diffusion  length  (or  mobility)  of  holes”. 
The  number  of  free-  and  or  tail-electrons  in  layers  increases  at  low  temperatures,  since  recombination  time 
increases  with  decreasing  temperature  (Gr  product),  while  the  number  of  holes  also  increases  with 
decreasing  temperature.  Complete  diffuse-away  of  holes  in  illuminated  region,  e.g.  longer  than 
micrometers  [18],  however,  is  not  required  for  VE  and  PD  to  occur  in  the  RS  model.  Large  difference  of 
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diffusion  coefficient  between  electron  and  hole  may  still  produce  excess  electrons  in  layers,  yielding  large 
VE  and  PD  at  lower  temperatures.  Thus  we  prefer  the  RS  model  to  account  the  VE  and  PD  in  amorphous 
chalcogenides. 

Finally,  we  should  argue  the  transient  effect  of  PD.  As  the  transient  VE  has  been  found 
experimentally  [12],  similar  transient  PD  should  be  observed  and  these  should  be  related  to  photocurrent. 
The  detail  of  these  will  be  presented  elsewhere  [30]. 

4.  Conclusions 

A  review  was  given  on  the  topics  through  the  recently  obtained  interesting  results  on  the 
reversible  photinduced  volume  changes  (PVC)  and  photodarkening  (PD)  for  amorphous  chalcogenides,  in 
particular  for  As-based  chalcogenides.  We  paid  attention  for  the  time  evolution  of  these  changes  {in  situ 
measurements  etc)  and  discussed  the  origin  of  PVC  and  PD  in  terms  of  the  model  of  repulsion  and  slip 
motion  of  clustered  layers. 
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New  results  obtained  recently  in  the  study  of  isotropic  photoinduced  effects  are  described  and 
discussed.  The  isotropic  effects  in  binary  systems  such  as  As-S,  Sb-S  and  in  some  ternary 
systems  (As-Ga-S,  As-Sb-S,  Ge-Sb-S,  Ge-Ga-S)  are  connected  with  the  changes  of  bond 
statistics  and  short  range  order  not  only  in  the  case  of  irreversible  changes  but  also  in  the  case 
of  reversible  ones.  Similar  changes  of  optical  properties  and  the  structure  that  are  produced  by 
photodarkening  can  be  obtained  by  change  of  stoichiometry  of  a  film.  It  supports  the  idea  that 
the  exposure  of  such  systems  creates  bonds  among  like  atoms  by  photolytic  reactions.  The 
exposure  influences  also  index  of  refraction.  The  present  or  potential  applications  of  isotropic 
photoinduced  effects  for  production  of  optical  and  optoelectronics  elements  and  optical 
storage  are  also  described  and  discussed. 
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1.  Introduction 

Photoinduced  changes  of  structure  and  properties  of  amorphous  chalcogenides  have  been  the 
focus  of  many  laboratories  for  many  years  because  of  their  present  and  potential  applications  in 
optoelectronics  (photoresists,  optical  storage,  optical  waveguides,  optical  gratings  and  other  elements, 
optical  circuits  etc.  (see,  e.g.  recent  papers  [1-6]  and  papers  cited  in)).  Photoinduced  effects  have  been 
studied  intensively  also  in  order  to  describe  and  understand  these  interesting  phenomena  [7-20]. 

Photoinduced  changes  of  optical  transmittivity  and  reflectivity,  of  index  of  refraction,  changes 
of  reactivity,  of  rates  of  diffusion  and  inter-diffusion,  of  viscosity  and  of  the  state  (phase)  have  been 
observed  in  many  materials,  e.g.  in  a-Se  [17,  19],  in  the  systems  of  As-S,  As-Se,  As-Te,  As-S-Te,  Ge- 
S,  Ge-Sb-S,  Ge-Ga-S,  Ge-Se,  Ge-Sb-Se,  Ge-Sb-Te,  Ge-In-Te  etc.  [1-16,  18,  20-32].  In  spite  of  the 
fact  that  large  effort  was  given  to  this  subject  and  several  models  for  the  description  of  individual 
photoinduced  changes  has  been  proposed,  the  mechanism  of  many  photoinduced  processes  is  still 
unclear  [8,1 1,13-17,  20-22,  25-30].  Such  a  situation  is  partly  caused  by  the  fact  that  the  photoinduced 
phenomena  are  apparently  numerous  and  this  term  covers  several  effects  with  different  mechanisms 
(changes  of  short-range-,  medium-range-  and  long-range-  orders,  photolysis,  photosynthesis, 
photoinduced  oxidation,  photoenhanced  dissolution,  diffusion  and  inter-diffusion,  changes  of 
reactivity,  viscosity,  polarization  and  anisotropy,  vectoral  effects,  see  e.g.  [8,  18-20,  28-32]).  In  our 
view,  the  microscopic  mechanism  of  all  these  effects  cannot  be  the  same.  Even  more,  some  of  the 
photoinduced  changes  are  relatively  small  (e.g.  changes  of  medium-range  order,  some  vectoral  effects 
etc.),  and  their  unambiguous  determination  and  explanation  is  difficult. 

In  this  paper,  we  will  confine  ourselves  to  scalar  photostructural  changes.  New  results  will  be 
presented  and  the  papers  published  on  this  subject  in  recently  will  be  discussed.  Broader  group  of 
materials  (e.g.  AS2S3,  As-S  and  Sb-S  systems,  As-Sb-S,  As-Ga-S,  Ge-S,  Ge-Sb-S  and  Ge-Se)  will  be 
discussed  in  order  to  support  the  elucidation  of  a  model  of  these  phenomena  and  to  contribute  to  find 
new  (or  better)  systems,  properties  or  larger  effects.  At  the  end,  present  or  possible  applications  of 
these  phenomena  will  be  mentioned. 
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2.  Photoinduced  effects 


The  interaction  of  amorphous  chalcogenides  with  light  is  generally  complex.  The  first  step  in 
all  effects  is  the  electronic  excitation  by  exposure.  In  the  second  step,  the  excited  state  can  relax  to  the 
original  one,  or  to  an  electronic  and  atomic  structure,  which  is  different  from  the  original.  In  the  first 
case,  the  changes  are  temporary,  in  the  second  case  the  new  state  can  be  stable  for  a  longer  time.  In 
evaporated  films,  the  light  can  promote  changes  of  electron  densities,  but  also  induce  chemical 
reactions  among  fragments  [29,  30].  It  can  also  induce  other  photochemical  reactions  such  as 
polymerization  or  depolymerization,  photolysis,  changes  of  local  structure,  changes  of  long-range 
order  (crystallization  -  amorphization)  [11,  19,  28-33].  These  processes  can  proceed  separately  or 
simultaneously  and  in  amorphous  solids  are  enabled  by  two  factors: 

a)  The  first  one  is  the  large  free  volume  of  glasses  [11,  31]  (and  no  free  volume  in  the 
crystals).  The  free  volume  of  amorphous  thin  films  is  even  larger  than  that  of  glasses  due  to  the  larger 
disorder.  The  free  volume  can  be  inversely  proportional  to  the  (o  [1 1,  31] 


co  =  Im  -S]S  =  [m  -S] 


I  p) 

^  I 


(1) 


where  [M  -  S]  represents  the  density  of  M-S  bonds,  8  reflects  the  compactness  of  the  structure.  The 
Aj,  Xi,  pi  stand  for  atomic  weights,  atomic  fraction  and  densities  of  the  i-th  element  of  the  glass, 
respectively.  The  quantity  p  is  the  experimentally  found  density  of  the  glass.  In  many  amorphous 
systems,  the  largest  photoinduced  changes  were  found  for  compositions  with  the  largest  “free 
volume”  (Fig.  1,  [11,29-31]). 

b)  The  second  positive  factor  for  the  evolution  of  photoinduced  changes  of  structure  in  a- 
chalcogenides  is  generally  a  low  coordination  number  (Nc)  of  chalcogens  (mostly  =  2),  and  of 
pnictogens,  (e.g.  Nc(As)  =  3),  which  makes  the  structure  flexible.  The  largest  photoinduced  effects 
were  found  in  our  experiments  in  the  As-S  system  for  As42S5g  films  (Nc  =  2.42),  and  in  Ge-As-S  films 
forNc  =  2.67[ll,31]. 


2.1.  Irreversible  photoinduced  changes 

In  several  recent  papers  [7-1 1,  18,  21-23,  29-31],  the  irreversible  and  reversible  photoinduced 
scalar  phenomena  in  the  model  As-S  system  but  also  in  Sb-S,  As-Sb-S,  Ge-Sb-S,  Ge-Ga-S  and  other 
systems  have  been  studied.  The  mechanisms  of  irreversible  photoinduced  changes  in  such  systems  are 
relatively  well  understood  (see,  e.g.  [7,  8,  18,  25,  29,  30,  32]).  During  the  high  temperature  vacuum 
evaporation  of  compounds  or  alloys  or  during  their  sputtering,  which  are  the  most  common  ways  of 
preparation  of  their  thin  films,  the  starting  materials  are  often  thermally  dissociated  to  fragments  of 
original  material.  When  the  vapors  are  condensed  on  a  cold  substrate,  the  backward  synthetic 
chemical  reactions  among  the  fragments  to  the  original  compounds  (alloys)  are  not  quick  enough  and 
the  high-temperature  state  is  then  partly  or  fully  frozen  in  and  preserved.  A  micro-heterogeneous  film, 
which  is  far  from  thermodynamic  equilibrium,  is  then  obtained. 

For  example,  in  as-evaporated  films  of  the  As-S  system  large  amounts  of  AS4S4  and  Sn 
molecules  are  present  (Figs.  2-4,  bands  between  120-260  cm"'  and  bands  with  maxims  near  345,  352, 
361  cm''  for  AS4S4  vibrations,  and  a  band  near  495  cm"'  for  S-S  vibrations  (Figs.  2,  3)  [8,  9,  29]). 
Exposure  of  such  films  can  promote  (or  increase  the  rates  of)  chemical  reactions  among  individual 
fragments  of  the  film.  This  process  accompanied  by  decrease  of  amplitudes  of  bands  with  maximum 
near  137,  148,  170, 193,  215,  223,  361,  495  cm  '.  The  film  is  then  homogenized  and  also  polymerized. 
Its  state  becomes  closer  to  the  target  glass  and  to  thennodynamic  equilibrium.  (Figs.  2-4).  This 
process  of  homogenization  on  atomic  level  goes  even  further  when  the  films  are  annealed.  The  Raman 
bands  corresponding  to  vibrations  of  As-As  and  S-S-  bonds  and  vibration  modes  of  AS4S4  structural 
units  (see  above)  are  according  to  their  composition  ceasing  or  lowering  their  amplitudes.  After 
thermal  annealing  of  as-evaporated  films,  their  structure  approaches  the  structure  of  the  original  bulk 
glass  (Figs.  2-4). 
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Fig.  1.  Compositional  dependence  of  optically  induced  changes  of  transmittivity,  At,  of  thin 
films  (d  =  1  pm)  and  reflectivity,  Ar,  of  powdered  glasses  of  GCxSioo-x  (a),  As^Seioo-x  (h),  and 
ASxSioo-x  (c)  systems  [32].  The  AE  stands  for  photoinduced  changes  of  absorption  edge 
position  of  annealed  bulk  samples  (AEb)  and  thin  films  (AEt),  An  stands  for  photoinduced 
changes  of  index  of  refraction.  The  quantity  y  stands  for  the  ratio  of  dissolution  rates  of 
exposed  and  unexposed  films.  The  |  M-X  |  are  the  densities  of  heteropolar  bonds  which  might 
be  changed  by  incident  light  (M  ”  Ge,  As;  X  “  S,  Se).  The  oo  and  5  are  given  by  Eq.  1 . 


The  difference  between  Raman  spectra  of  the  as-evaporated  film  after  their  annealing  or  after 
their  exposure  is  mainly  in  amplitude  of  the  band  of  As-As  vibrations  (235  cm"^  [20,  29,  30]),  which  is 
increased  relatively  to  other  bands  after  exposure  (Figs.  2-4)  due  to  photochemical  reactions  that  will 
be  discussed  later.  The  exposure  produces  also  photolysis. 


Raman  shift  {cm*"') 


Fig.  2.  Reduced  Raman  spectra  of  AS38S62  thin  films  and  bulk  glass.  1:  as-evaporated  film, 
2:  exposed  film,  3:  annealed  film,  4:  bulk  glass.  The  curves  3  and  4  are  overlapping  in  the 
spectral  region  up  to  270  cm‘\  Some  narrow  bands  of  the  spectrum  (130-250  cm  \  361  cm"^) 
can  be  assigned  to  AS4S4  molecules  (see  Fig.  5),  the  band  235  cm'^  can  be  assigned  to  As-As 
bonds  vibrations  [20],  the  band  495  cm'^  to  S-S  bonds  vibrations  [20,  24]. 
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Raman  shift  (cm  ’) 


Fig.  3.  Reduced  Raman  spectra  of  AS40S60  thin  films  and  bulk  glass.  1:  as-evaporated  film, 
2:  exposed  film,  3:  annealed  film,  4:  bulk  glass.  For  assignment  see  Fig.  2.  The  amplitudes  of 
495  cm''  band  (S-S  vibrations)  are  lower  than  in  S-rich  films  of  AS38S62  in  Fig.  2. 


Raman  shift  (cm’’) 


Fig.  4.  Reduced  Raman  spectra  of  As42S5g  thin  films  and  bulk  glass.  1:  as-evaporated  film, 

2:  exposed  film,  3:  annealed  film,  4:  bulk  glass.  The  amplitudes  of  the  curves  1-4  were 
normalized  to  the  same  value  for  the  band  345  cm''  (AsSj  pyramids  vibrations).  For 

assignment  see  Fig.  2. 

The  process  of  photoinduced  or  thermally  induced  interaction  of  fragments  can  be  described, 
e.g.  in  As-S  films  by  a  reaction 

AS4S4  -I"  S2  2AS2S3  (2) 

Such  process  was  simulated  in  [8]  considering  that  the  as-evaporated  chalcogenide  film  of  As-S 
system  is  a  solid  solution  (or  molecular  mixture)  of  AS4S4,  Sn  and  (As2S3)n.  The  Raman  spectra  of 
such  mixtures  are  similar  to  the  spectra  of  as-evaporated  films  (Figs.  5-7,  see  also  [8]).  Comparing  the 
intensities  of  individual  bands,  we  were  able  to  evaluate  approximately  the  content  of  AS4S4  in  as- 
evaporated  films  of  AS42S58.  This  value  is  >  20  mol.%  [8].  Exposure,  and  even  more  annealing, 
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decreased  the  content  of  AS4S4  molecules  in  films.  In  exposed  films  of  AS42S58,  the  content  of  AS4S4 
was  decreased  to  c(As4S4)  -- 10-15  mol.%.  In  AS40S60  and  AS38S62  films  the  amount  of  AS4S4  is  lower. 
It  is  interesting  to  note  that  according  to  Raman  spectroscopy,  the  AS4S4  molecules  were  found  also  in 
AS42S58  bulk  glasses  (Figs.  5,  7)  [8].  It  does  mean  that  the  excess  As  in  these  As-rich  glasses  is  partly 
in  the  form  of  AS4S4  molecules. 

Photoinduced  effects  were  observed  also  in  thin  films  of  the  Sb-S  system  (Figs.  8-10),  The 
optical  transmittance  of  as-evaporated  films  of  Sb2S3  decreases  after  exposure  (photodarkening).  The 
exposure  of  as-evaporated  Sb2S3  films  is  accompanied  by  a  decrease  of  amplitude  of  the  165  cm‘^ 
Raman  band.  This  band  (Fig.  10)  can  be  assigned  to  Sb-Sb  vibrations  of  S3Sb-SbS3  structural  units 
[11].  As-evaporated  films  of  Sb2S3  were  evidently  also  dissociated  during  evaporation,  and  the  films 
after  evaporation  are  microheterogeneous,  analogously  to  AS2S3  films.  The  exposure  accelerates  the 
reactions  between  Sb-rich  and  S-rich  parts  of  the  film  and  the  film  becomes  more  homogeneous.  The 
index  of  refraction  of  exposed  (more  homogeneous)  films  increases  (Fig.  9),  partly  because  of 
densification. 


Raman  shift  (cm'^) 

Fig.  5.  Reduced  Raman  spectra.  7:  AS42S58  bulk  glass,  2:  powdered  mixture  of  0.85  AS40S60 
glass  +  0.15  AS4S4  crystals,  3:  AS4S4  crystals.  The  amplitudes  of  curves  1  and  2  were 
normalized  to  the  same  value  for  the  band -361  cm‘^  Amplitudes  of  AS4S4  (curve  5)  were 
reduced  to  be  comparable  with  curves  1  and  2. 

The  analogous  model,  which  was  proposed  for  description  of  irreversible  photoinduced 
effects  in  As-S  systems  ([8,  20,  29,  30],  Eq.  3),  can  be  probably  applied  for  Sb-S  system  as  well. 

2.  2.  Reversible  photoinduced  changes 

In  well-annealed  films,  the  photoinduced  changes  of  structure  and  optical  properties  due  to 
exposure  are  often  reversible.  Annealing  of  exposed  films  can  shift  the  film  to  the  state  before 
exposure.  Annealed  films  of  the  As-S  system,  with  a  structure  similar  to  glasses  do  not  contain  larger 
amounts  of  “fragments”,  e.g.  of  Sn  and  AS4S4  (Figs.  2-4),  They  are  evidently  closer  to  thermodynamic 
equilibrium.  The  optically  induced  reactions  among  fragments  (e.g.  of  the  type  of  Eq.  2)  do  not  play  a 
role.  Under  exposure,  the  photolytic  reactions  in  As-S  films  are  more  important,  at  least  at  room  and 
lower  temperatures  [8].  At  higher  temperatures  (close  to  the  glass  transition  temperature,  Tg,  or  above 
it),  atoms  or  polyatomic  fragments  of  structure  are  more  mobile  and  they  can  react  together  to 
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eliminate  the  presence  of  photolytic  products  or  lower  their  density.  The  system  approaches  the 
equilibrium  by  annealing. 

The  mechanism  of  reversible  photoinduced  changes  still  remains  not  fully  clear  in  spite  of  the 
fact  that  strong  evidence  for  structural  atomic  changes  has  been  given  [8,20,24,25].  Many  authors  (see 
e.  g.  [28])  generally  accept  that  the  photoinduced  phenomena  are  connected  with  changes  of  local 
bonding  configuration. 


Raman  shift  (cm'^) 


Fig.  6.  Reduced  Raman  spectra.  I:  as-evaporated  film,  2;  mixture  of  powdered 

0.85  As^oS^o  glass  +  0.15  AS4S4  crystals,  3:  mixture  of  powdered  0.8  AS40S50  glass  +  0.2  AS4S4 

crystals  [8]. 


Raman  shift  (cm  ’) 


Fig.  7.  Reduced  Raman  spectra.  /.•  AS42S58  bulk  glass,  2:  mixture  of  powdered  0.95  AS40S60 
glass  and  0.05  AS4S4  crystals,  3\  powdered  mixture  of  0.9  AS40S62  glass  and  0.1  AS4S4  crystals. 
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The  chemically  simplest  system,  in  which  photoinduced  effects  were  observed,  is  amorphous 
selenium.  Kolobov  found  that,  within  the  errors  of  experiment,  there  are  nearly  no  photoinduced 
changes  in  coordination  number  of  Se,  but  an  increase  in  this  number  during  photoexcitation  was 
observed  [19].  This  increase  means  that  the  structure  is  changed  during  photoexcitation  but  without  an 
invariable  change  of  the  coordination  number  after  the  light  is  off.  The  changes  can  proceed  via 
changes  of  Seg  rings  to  Sen  chains  and  vice  versa  (see,  e.g.  [17,  19]).  In  fact,  in  other  systems,  such  as 
in  the  As-S  system,  the  photoinduced  phenomena  are  not  connected  with  the  changes  of  mean 
coordination  number  [20]  but  with  changes  of  bond  statistics,  too. 


Energy  [eV] 

Fig.8.  Absorption  edge  of  thin  film  of  Sb2S3.  Fig.  9.  Spectral  dependence  of  (n^-l)"'  for  thin 

I:  as-evaporated  film,  2:  exposed  film.  films  of  Sb2S3.  Then  is  index  of  refraction. 

I:  as-evaporated  film,  2:  exposed  film. 


Photoinduced  changes  of  structure  and  of  optical  properties  were  found  also  in  thin  films  of 
the  As-Ga-S  [7],  in  Ge-Sb-S  [11,  31],  and  As-Sb-S  system  (Figs.  11,  12).  The  reversible  part  of 
changes  of  index  of  refraction  is  much  stronger  in  (As2S3)95(Sb2S3)5  thin  films  than  in  pure  AS2S3  films 
of  the  same  composition  (Fig.  1 1).  The  reason  is  not  clear  up  to  now.  Large  irreversible  changes  of 
index  of  refraction  were  found  also  after  exposure  or  after  annealing  of  as  evaporated  films  of 
(As2S3)95(Sb2S3)5  (irreversible  changes). 

Photoinduced  changes  in  AS2S3  containing  Ga  [7]  are  again  accompanied  by  changes  of 
intensities  of  Raman  bands,  which  can  be  assigned  to  the  vibrations  of  As-As  bonds  (235  cm'', 
Fig.  12).  The  amplitude  of  this  band  is  enhanced  after  the  exposure  of  annealed  films.  It  is  reduced 
after  annealing.  It  does  mean  that  not  only  the  irreversible  part  of  photoinduced  effects,  but  also  the 
reversible  part  is  accompanied  by  changes  of  bond  statistics  and  of  structure  in  these  amorphous 
systems,  analogously  as  it  was  shown  in  pure  As-S  system  [8, 20,  29-32]. 

For  a  description  of  reversible  changes  in  As-S,  As-Ga-S,  As-Sb-S,  and  Sb2S3  films  and  bulk 
glasses,  a  model  based  on  our  earlier  results  of  the  study  of  a-As2S3  [20]  is  proposed.  The  exposure  to 
light  can  shift  the  equilibrium  of  reaction  (3)  to  the  left-  or  right-hand  side,  depending  on  the 
composition  and  state  of  the  sample,  wavelength  and  intensity  (Wem'^)  of  the  light.  Generally,  a  lower 
wavelength  and  larger  intensity  of  light  supports  the  photolysis  (right-hand  side  direction),  a  lower 
energy  and/or  intensity  can  shift  the  reaction  (3)  to  the  left-hand  side  direction. 


2A-B\ 


-f 


(3) 
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The  1 A-B I  in  Eq.  3  is  a  chemical  bond  between  atoms  A  and  B,  V;  and  h  are  frequencies  and 
intensities  of  incident  light.  Increasing  frequency  and/or  intensity  shifts  the  equilibrium  of  the  reaction 
(3)  to  the  right  hand  side,  lowering  of  energy  or  intensity  of  incident  light  or  annealing  of  sample 

shifts  the  equilibrium  of  Eq.  3  to  the  left  hand  side. 

Reaction  (3)  proceeds  not  only  in  thin  films,  but  also  in  bulk  samples  and  glassy  powders, 
both  stoichiometric  and  non-stoichiometric  as  confirmed  by  Raman  spectroscopy  [8].  The  formation 
of  As-As  bonds  due  to  exposure  of  AS2S3  was  confirmed  recently  by  Uchino  et  al.  [34],  based  on  ab- 
initio  molecular  orbital  calculations. 

It  was  found  earlier  that  the  mechanisms  described  by  Eq.  (3)  could  be  applied  also  for  Ge- 
Sb-S  glasses  and  films  [11,31]. 


Fig.  10.  Reduced  Raman  spectra  of  Sb2S3  film.  1:  as-evaporated  film,  2:  exposed  film.  The 
band  near  165  cm''  corresponds  to  SjSb-SbSj  vibration  modes.  The  spectra  were  normalized 
to  the  equal  amplitude  of  the  band  near  303  cm"'  which  corresponds  to  the  SbSa  pyramids 
vibrations.  The  density  of  such  structural  units  is  prevailing  in  the  structure  of  evaporated 
SbzSs  films  and  it  is  considered  that  their  density  is  constant  during  the  exposure. 

It  is  now  generally  accepted  that  both  irreversible  and  reversible  photoinduced  changes  are 
connected  with  structural  changes  of  amorphous  films  and  glasses.  We  have  shown  without  any 
doubt,  that  in  many  above  mentioned  systems  an  important  role  is  played  by  photochemical  reactions 
among  fragments  of  amorphous  films  (irreversible  changes)  or  by  photolytic  reactions  naainly  in 
annealed  films  and  bulk  glasses  (reversible  changes).  The  other  possibilities  e.g.  over-coordinated  or 
under-coordinated  structural  entities  (atoms,  defects)  can  also  play  a  role  (see,  e.g.  [34]  and  papers 
cited),  but  there  were  found  only  small  changes  of  the  mean  coordination  numbers  [19]  of  different 
atoms  in  amorphous  films.  The  photoinduced  changes  of  structure  (excluding  ciystallization  and 
amorphization)  are  generally  small,  only  a  small  part  of  all  atoms  changes  probably  their  positions 
and  chemical  partners.  As  a  result,  the  experimental  evidence  of  structural  changes  is  often  non¬ 
persuading  (see,  e.  g.  [20])  and  several  (partly  speculative)  models  can  be  applied.  We  believe,  that 
many  under-coordinated  and  over-coordinated  defects  are  only  intermediate  ones  and  the  system 
becomes  stabilized  by  change  of  chemical  bonds  statistics  to  approach  chemical  equilibrium. 
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Fig.l  1 .  Spectral  dependence  of  (n^-1)''  for  95As2S3.5Sb2S3.  The  n  is  index  of  refraction. 
1:  as-evaporated  film,  2:  exposed  film,  3:  annealed  film. 


Fig.  12.  Reduced  Raman  spectra  of  thin  films  (d  =  1000  nm)  of  95As2S3.5GaS.  1:  annealed 
film,  2:  film  exposed  after  annealing,  3:  film  was  annealed  after  exposure.  The  change  of 
amplitude  corresponds  to  reversible  structural  changes,  the  band  (235  cm"')  with  increased 
amplitude  corresponds  to  As-As  vibrations  [7, 20]. 

All  changes  of  local  structure  or  state  of  samples  are  accompanied  by  changes  of  physico¬ 
chemical  properties,  such  as  optical  transmittivity  and  reflectivity,  index  of  refraction,  and  chemical 
reactivity  (see,  e.g.  Figs.  1,  8,  9,  11,  and  [7-12,  20,  29-32].  The  changes  of  physicochemical 
properties,  e.g.  the  “photodarkening”  can  be  modeled.  A  similar  shift  of  absorption  edge  can  be 
received  by  change  of  composition  in  mixtures  of  supposed  components  of  tlie  glass  or  of  the 
amorphous  film.  Similar  shift  can  be  received  in  mixtures  of  supposed  photochemical  products  [8]. 
All  photoinduced  changes  are  dependent  on  the  composition,  state  of  the  samples,  temperature, 
intensity  and  wavelength  of  the  exciting  light  [8,  20,  29-32].  Some  of  these  changes  are  large  enough 
to  be  applied  (presently  or  potentially)  in  optics,  electronics  and  optoelectronics. 
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3.  Applications 

Chalcogenide  films  are  contrary  to  oxide  films,  transparent  in  the  near-  or  mid-infrared  region 
of  the  spectrum  (~  0.8  --  12  pm),  and  they  can  be  used  for  applications  in  this  region.  The  refractive 
index  of  chalcogenides  is  larger  in  the  near-  and  mid-  infrared  region  (typically  from  2.2-2. 9)  then  in 
silica  and  silicates;  chalcogenides  can  match  with  high  refractive  index  materials,  such  as  Si,  GaAs, 
ZnSe,  InSb  and  others. 

Photoresists  of  large  size  (areas)  can  be  prepared  by  vacuum  evaporation  and  very  high 
resolution  of  5000-10000  lines/mm  can  be  obtained  after  their  exposure  [29,  30,  35].  The  resolution 
capability  of  chalcogenide  films  can  be  further  increased  to  sub-wavelengths  region  by  near  -  field 
optical  technique  [35,  36].  Nano-writing  is  then  possible  (e.g.  125  nm  lines  were  obtained  [35]),  In 
this  case  and  in  similar  ones,  the  sensitivity  can  be  increased  by  several  orders  when  short  pulses  are 
used  (see  e.  g.  Ref  [37]  and  papers  cited  in)  instead  of  continuous-light  exposure.  This  effect  is  not 
fully  understood;  some  local  heating,  which  enables  changes  of  atomic  positions  and  possibly  also 
non-linear  effects,  or  two-photon  excitation,  could  produce  such  effects. 

For  some  pattern  production,  e.g.  for  ]R  gratings  production,  deep  etching  is  necessary.  Sharp 
edges  with  height  up  to  5-10  pm  were  obtained  (see,  e.g.  [38,  39]).  The  etching  solutions  for  As 
chalcogenides  are  based  on  alkylamines  or  on  other  alkaline  solutions;  pure,  or  such  solutions 
containing  surface-active  additives,  are  applied  [33,  39].  Solutions  containing  H2O2  are  used  for  Ge- 
chalcogenide  based  photoresists  [40].  The  contrast  obtained  after  etching  can  be  very  high  (with  sharp 
edges).  It  can  be  also  very  gentle  or  low,  and  gray  tones  or  gray  scale  can  be  achieved  by  variation  of 

exposure  and  etching  conditions  [37]. 

exposed  unexposed 


Fig.  13.  Grating  produced  by  exposure  through  a  mask  by  cw-light  of  wavelength  364  nm  [33]. 

The  exposure  can  change  also  the  volume  and  surface  profile  -  the  exposed  parts  often  have 
larger  volume  and  gratings  and  micro-lenses  were  prepared  (Fig.  13,  [10,  40]).  Micro-lenses  or  micro¬ 
lens  arrays  can  be  fabricated  from  photoresists  of  As-Se  and  As-S  systems  [36,  41]  by  exposure 
through  a  mask  with  microhole(s).  Lenses  with  focal  length  several  tens  of  pm  and  diameter  of 
several  microns  can  be  produced  [19].  Spherical  microlenses  can  be  also  prepared.  The  optical  image 
of  the  patterns  is  often  directly  visible  after  exposure.  Such  microlenses  can  be  applied  in  CCD 
cameras,  imaging  machines,  optical  communication  and  in  IR  technology. 

Part  of  the  changes  of  index  of  refraction  due  to  exposure,  e.g.  of  As  chalcogenides,  can  be 
ascribed  to  changes  of  the  volume  (photoinduced  expansion,  density  change).  The  atomic  model  is 
analogous  [37]  to  that  given  in  papers  [20,  31]  for  As-S  and  Ge-Sb-S  systems. 

It  was  already  mentioned  that  sub-band  gap  writing  is  also  possible.  In  this  case,  the 
absorption  of  light  in  band  tails  in  the  optical  gap  plays  a  role.  Such  tails  in  films  and  glasses  are 
formed  mainly  by  fluctuations  in  bond  angles  and  lengths.  The  exposure  can  change  the  local 
structure  (including  bond  angles  and  lengths),  the  optical  transmittivity  and  the  index  of  refraction.  As 
a  result,  the  sub-band  -gap  exposure  can  be  applied  for  holographic  recording  (e.g.  in  amorphous 
AS2S3  films  at  room  temperature  [42]).  The  photoinduced  effect  under  these  conditions  has  some 
different  features:  the  changes  are  not  permanent  and  the  thickness  of  the  films  is  not  changed.  Sub¬ 
band-gap  illumination  strongly  decreases  also  the  viscosity  of  AS2S3  glass,  which  is  apparently  caused 
by  excitation  of  weaker  or  Van  der  Waals  bonds  connecting  some  blocs  in  the  glass  structure  [40,  41]. 
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A  very  promising  application  of  photoinduced  effects  in  chalcogenide  amorphous  films  is 
connected  with  optical  storage.  Some  of  these  effects  in  ternary  tellurides  are  already  applied  for 
optical  discs  (the  change  from  amorphous  to  crystalline  state  and  vice  versa)  with  a  capacity  of 
several  Gb  per  disk  [44,  45].  The  optically  induced  crystallization  or  amorphization  can  be  observed 
in  many  binary  systems  such  as  As-Se,  AS2S3,  SbaSs,  SbjSea,  Sb2Te3  [36,  43]  and  in  many  ternary 
tellurides  [44-51]  and  selenides  [52].  Both  thermal  and  photoinduced  effects,  or  their  combination,  are 
apparently  behind  such  effects.  When  compared  with  the  hole-burning  methods  that  usually  use  thin 
metal  films,  the  crystallization  -  amorphization  process  needs  lower  laser  power  and  can  be  in 
principle  reversible.  The  threshold  power  necessary  for  such  a  transition  (crystallization)  is  from 
100  -  200  W/cm^  for  Sb2S3,  Sb2Se3  and  Sb2Te3  films.  The  lowest  threshold  power  was  found  for  Sb2S3 
[45].  The  photoinduced  changes  of  optical  properties  can  have  also  a  deteriorating  effect  on  optical 
elements  and  such  changes  are  undesirable.  They  can  lower  the  performance  of  fibers  or  of  optical 
elements  as  noticed  in  many  materials,  e.g.  in  Ge-Ga-S  glass  [41],  which  are  used  as  hosts  for  rare- 
earth  ions  with  a  relatively  intense  luminescence  in  the  near  -  infrared  region  and  can  be  applied  for 
light  generation  and  amplification.  Exposure  by  UV  light  causes  a  red  shift  of  the  absorption  edge  and 
lowers  the  transmission  of  the  material.  The  crystallization  can  also  lower  the  transmittance  of  optical 
elements.  In  such  cases,  lower  light  intensities,  longer  wavelengths  of  light,  or  materials  with 
negligible  photoinduced  effects  have  to  be  used. 

4.  Conclusion 

Photoinduced  effects  in  chalcogenide  amorphous  systems  are  still  not  fully  clear  in  spite  of 
the  fact  that  many  of  them  are  already  applied  or  can  be  applied  in  the  future.  It  was  shown  that  an 
important  part  of  photoinduced  changes  of  structure  is  accompanied  by  changes  of  chemical  bond 
statistics  and  by  changes  of  atomic  structure.  Further  materials  and  effects  are  studied  in  order  to 
elucidate  the  photoinduced  effects. 

For  application  of  these  effects  we  are  at  the  beginning  and  many  new  materials  are  studied 
in  order  to  find  systems  with  new  or  better  properties  for  current  or  future  applications,  which  are  at 
present  evidently  far  from  the  optimal  state. 
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The  origin  of  gap  states  in  chalcogenide  glasses  has  been  studied  on  the  basis  of  optical 
spectra  obtained  for  AS2S3  using  photoluminescence,  photothermal  deflection,  and  (resonant) 

Raman  scattering.  These  results  combined  with  other  observations  suggest  that  the  weak- 
absorption  tail  arises  from  gap  states  below  the  conduction  band,  which  are  produced  by  As- 
As  wrong  bonds.  The  bond  density  is  estimated  at  ~1  at.%,  which  is  much  greater  than  that  of 
the  charged  defect  proposed  by  Mott  et  al.  These  insights  imply  that,  not  the  charged  defect, 
but  the  wrong  bond  governs  electronic  properties  in  covalent  chalcogenide  glasses. 
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1.  Introduction 

Pioneering  work  upon  chalcogenide  glasses  started  in  the  middle  of  20  century,  and  now  at 
the  beginning  of  21  century,  we  have  obtained  a  fair  amount  of  experimental  data,  several  hypotheses, 
and  a  few  basic  ideas  [1-3].  Among  the  hypotheses,  one  of  the  most  frequently  employed  for  covalent 
chalcogenide  glasses  such  as  AS2S3  is  the  charged-defect  and  valence-alternation  pair  models 
proposed  by  Street  and  Mott  [4]  and  Kastner  et  al.  [5].  Using  these  charged-defect  concepts,  they  and 
successive  researchers  have  asserted  that  unique  electronic  properties  can  be  understood  in  coherent 
ways  [1,3].  For  instance,  the  photoluminescence  (PL)  with  large  Stokes  shifts  has  been  interpreted  as 
creation  of  D®  from  and/or  D“  (in  Motts'  notation).  However,  since  D""  and  D”  are  inherently  ESR- 
mactive  and  the  density  is  estimated  to  be  ppm  levels  [1,3-5],  direct  evidence  of  the  existence  has  not 
been  obtained.  On  the  other  hand,  other  possibilities  for  gap  states  have  been  suggested  by  several 
researchers  [6-10]. 

I  have  studied  the  origin  of  optical  absorption  spectra  in  covalent  chalcogenide  glasses  with 
two  motives.  One  is  to  understand  the  mechanism  of  subgap  photoinduced  phenomena,  which  are  in 
some  cases  more  prominent  than  those  induced  by  bandgap  light  [11].  Since  the  subgap  phenomena 
are  induced  by  light  with  photon  energies  in  Urbach-edge  regions,  which  are  expressed  as  a  oc  exp 
(ficolEu),  where  Eu  «  50  meV  in  AS2S3  [1,3],  structural  origins  of  the  Urbach  edge  should  be 
understood.  The  other  is  to  grasp  the  origin  of  weak-absorption  tails  (WATs),  which  extend  below  the 
Urbach  edge  as  ct  oc  exp  (tiolE^,  where  Efy  w  300  meV  in  AS2S3  [1,3].  Tauc  et  al.  have  demonstrated 
that  Fe  impurities  enhance  the  WAT  [12].  However,  even  in  highly-purified  ingots  the  tails  still 
remain,  which  becomes  to  be  a  serious  problem  in  applications  to  IR-transmittlng  optical  fibers  [13]. 
Therefore,  the  origin  should  be  examined  in  more  details. 

To  understand  optical  absorption  mechanisms,  it  is  necessary  to  resolve  the  spectra  into 
densities-of-states.  That  is,  tlie  optical  absorption  spectrum  a(^co)  in  amorphous  semiconductors  is 
governed  by  the  densities  of  occupied  and  unoccupied  states,  D\{E)  and  Dc(E),  as  [1,3] 

aihco)  x\Dc(E  +  hco)  D,{E)  dE,  (1) 

and  accordingly,  Dv(,E)  and  DdE)  must  be  known.  We  may  expect  that  these  densities  can  directly  be 
obtained  through  photoemission  studies,  while  nevertheless,  the  sensitivity  of  photoemission 
measurements  seems  to  be  insufficient  at  present  for  evaluation  of  gap  states  [1,3].  Then,  another  way 
to  know  the  gap  states  responsible  for  D^E)  and  Dc{E)  is  to  employ  a  variety  of  experiments,  and  to 
construct  a  model  from  the  results.  If  several  observations  can  be  understood  coherently  by  a  simple 
model,  we  can  assume  it  to  be  plausible. 

Previously,  it  has  been  suggested  that  the  Urbach  edge  arises  from  tail  states  above  the 
valence  band  [7,14,15].  Circumstantial  evidence  for  this  suggestion  is  that  the  so-called  Urbach 
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energy  Ea  is  similar  to  the  characteristic  energy  of  the  valence-band  tail  [15],  which  is  obtained  from 
pulsed  photoconduction  measurements  through  some  assumptions. 

In  the  present  work,  I  will  show  that  the  WAT  in  AS2S3  arises  from  unoccupied  gap  states 
below  the  conduction  band  and  that  the  states  are  produced  by  As-As  wrong  bonds.  Its  density  is 
estimated  at  percent  levels,  which  are  much  greater  than  that  of  the  charged  defects.  Actually,  the 
existence  of  many  homopolar  bonds  seems  to  be  inherent  to  covalent  glasses,  and  accordingly,  I 
believe  that  the  charged  defects  cannot  govern  electronic  properties  in  chalcogenide  glasses. 

2.  Experiments 

Samples  employed  were  AS2S3  glasses  of  two  purity  levels.  One  was  those  prepared 
previously  [16].  Here,  an  ingot  was  synthesized  from  As  and  S  chunks  with  6-nine  purity  through  the 
conventional  melt-quenching  procedure.  Then,  splinters  obtained  from  the  ingot  were  sealed  again 
into  quartz  ampoules,  heated  to  1000  °C,  and  then  rapidly-quenched  (10^  K/s)  or  slowly-cooled 
(10  K/s)  to  room  temperature.  The  other  was  a  high-purity  ingot,  which  was  prepared  for  optical 
fibers,  the  details  of  purification  and  synthesis  procedures  being  unknown  [17].  Sliced  samples  were 
polished  to  small  disks,  and  then  annealed  at  180  “C  before  optical  measurements.  In  addition, 
AsxSioo-x  glasses  with  x  =  17-43,  which  were  prepared  through  the  conventional  melt-quenching 
procedure,  were  also  investigated. 

Sample  compositions  were  inspected  using  an  X-ray  fluorescence  system  (MESA-500, 
HORIBA).  Comparison  of  AS2S3  glasses  with  crystalline  AS2S3  (orpiment)  demonstrated  that  the 
compositional  ratio  between  As  and  S  was  held  at  40/60  within  ±  1  at.  %  accuracy.  For  impurities,  the 
conventional  ingot  might  contain  Fe  by  ~10  ppm,  which  was  a  detection  limit  of  the  X-ray  system, 
while  the  high-purity  ingot  did  not  show  any  traces  except  As  and  S.  The  10  ppm  impurity  level  is 
similar  to  those  of  Taucs'  samples  [12]. 

Three  kinds  of  optical  measurements  were  performed.  These  were  PL,  photothermal 
deflection  spectroscopy,  and  (resonant)  Raman-scattering  spectroscopy. 

PL  was  excited  at  5  -  300  K  using  several  lasers  and  a  Xe  lamp  filtered  by  a  monochromator. 
PL  spectra  were  monitored  by  a  polychromator  attached  with  a  linear  InGaAs  detector.  For  PL- 
excitation  spectra,  i.e.  dependence  of  PL  intensities  on  excitation  photon-energies,  PL  total  intensities 
at  a  photon-energy  region  of  0.7  -  1.3  eV  were  measured  using  an  InGaAs  detector  fitted  with 
wavelength  filters. 

Small  absorption  in  thin  AS2S3  samples  was  evaluated  using  the  photothermal  deflection 
spectroscopy  [18].  The  spectra  were  obtained  at  room  temperature  using  a  system  described  by 
Nonomura  et  al.  [19].  In  brief,  the  absorption  of  monochromatic  light,  the  wavelength  being  varied,  in 
a  sample  was  monitored  as  a  deflecting  signal  (mirage  effect)  of  probe  light  which  propagated  nearby 
the  sample  surface.  The  deflecting  signals  were  converted  to  absorption  coefficients  by  following  the 
conventional  procedure  [18,19].  Then,  the  absolute  values  were  determined  by  fitting  the  spectra  at  a 
w  1 0^  cm"'  to  absorption  spectra  obtained  from  subsidiary  optical  transmission  measurements.  Among 
several  kinds  of  photothermal  methods,  the  deflection  spectroscopy  appears  to  possess  the  highest 
sensitivity  at  room  temperature  [18,19]. 

Raman-scattering  spectra  were  obtained  at  room  temperature  using  a  triple  dispersing 
system  fitted  with  a  cooled  charge-coupled-device  (T64000,  Jobin  Yvon).  Several  laser  sources  were 
employed  to  monitor  resonant  Raman-scattering  spectra.  The  laser  light  could  provide  photoinduced 
changes  in  some  cases  [11],  and  accordingly,  samples  were  moved  during  spectral  measurements. 
Polarization  of  scattered  light  was  unanalyzed. 

3.  Results  and  discussion 

A.  Electronic  state 

Fig.  1  shows  a  PL-excitation  spectrum  for  a  high-purity  sample  with  a  thickness  of  ~1  mm. 
For  comparison,  two  spectra  are  also  plotted;  one  being  a  spectrum  obtained  by  the  constant- 
photocurrent  method  for  a  sample  obtained  from  the  same  ingot  [15]  and  the  other  being  an  optical 
absorption  curve,  in  which  small  absorption  is  evaluated  using  high-purity  AS2S3  optical  fibers  [13]. 
These  photocurrent  and  absorption  spectra  are  obtained  at  room  temperature,  and  the  PL-excitation 
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spectrum  has  been  measured  at  5  K.  Accordingly,  the  PL-excitation  spectrum  is  redshifted,  taking  the 
temperature  dependence  [20]  of  the  absorption  edge  into  account.  The  vertical  position  of  the  PL- 


Photon  energy  (eV) 


Fig.  1.  Dependence  of  PL  intensities  on  the  excitation  photon  energy  (PLE)  in  high-purity 
AS2S3.  Also  shown  are  a  photoconductive  spectrum  (CPM)  [15]  and  an  absorption  spectrum 

a  [13]  at  room  temperature. 


We  see  in  the  figure  that  the  PL-excitation  spectrum  also  shows  a  WAT-like  exponential 
response  at  ftco  <  2  eV.  This  feature  is  the  same  as  those  previously  reported  for  conventional-purity 
samples  [21],  A  characteristic  energy  of  the  exponential  tail  is  --  300  meV,  which  is  similar  to  Ew  of 
the  WAT  [1,3].  It  is  mentioned  here  that,  although  the  WAT  level  of  the  PL-excitation  spectrum 
appears  to  be  higher  than  the  real  WAT,  the  PL  level  depends  on  the  PL  spectral  region  detected 
(described  later)  and  also  on  other  experimental  conditions  such  as  sample  thickness  [21].  In  addition, 
the  difference  may  partly  be  due  to  different  ingots.  Accordingly,  we  neglect  the  quantitative 
difference  of  the  WAT  levels  between  the  PL-excitation  spectrum  and  the  optical  absorption  spectrum. 

What  should  be  underlined  here  is  that  only  the  photocurrent  spectrum  does  not  manifest  the 
WAT.  The  non-existence  of  the  photoconductive  WAT  suggests  that  the  WAT  arises  from  optical 
absorption  processes  which  cannot  produce  mobile  carriers,  i.e.  holes  in  AS2S3.  (Also  in  Se  and 
As2Se3,  WATs  are  not  detected  by  the  constant-photocurrent  method  [15].)  Then,  what  electronic 
density  causes  the  WAT? 


Energy 


Fig.  2.  Proposed  densities- of-states  and  related  sub-gap  electron-hole  generation  processes 
(a,b)  and  the  charged-defect  model  (c).  In  (a),  both  the  Urbach  edge  and  the  WAT  belong  to 
the  valence  band.  In  (b),  the  Urbach  edge  and  the  WAT  arise  from  the  valence  and  the 
conduction  band,  respectively.  Dotted  and  dashed  lines  show  the  mobility  edge  in  the 
valence  band  and  the  Fermi  level. 
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Here,  since  the  WAT  shows  a  broad  exponential  curve,  as  the  simplest  cases,  we  can  assume 
two  possibilities  for  the  energy  location  of  the  density-of-states  responsible  for  the  WAT.  That  is,  as 
illustrated  in  Fig.  2,  the  WAT  may  arise  from  the  valence-band  (occupied)  tail  (a)  or  from  the 
conduction-band  (unoccupied)  tail  (b)  [15].  In  these  illustrations,  following  the  previous  idea 
[7,10,14,15],  we  have  located  the  density-of-states  giving  rise  to  the  Urbach  edge  at  the  valence-band 
edge.  The  mobility  edge  is  indicated  there  [22]. 

The  following  three  reasons  support  the  model  in  which  the  WAT  states  exist  below  the 
conduction  band,  Fig.  2(b).  First,  it  is  demonstrated  that  the  chalcogenide  glass  behaves  as  an  intrinsic 
semiconductor  [1,3],  i.e.  the  Fermi  energy  being  pinned  near  the  center  of  the  bandgap.  This  feature  is 
inconsistent  with  the  model  (a),  in  which  the  Fermi  level  tends  to  approach  the  conduction  band,  and 
as  a  result,  n-type  behaviors  may  emerge.  Second,  it  is  also  demonstrated  that  holes  are  more  mobile 
than  electrons  in  conventional  chalcogenide  glasses  [1,3,15],  which  suggests  the  existence  of  deep 
trapping  states  for  electrons.  The  tail  states  below  the  conduction  band  in  (b)  can  work  as  such  traps. 
Third,  a  simple  calculation  shows  that  if  tail  states  existed  at  above  the  valence  band,  as  in  (a),  these 
could  give  photocurrent  signals  [23].  But,  no  such  signals  can  be  detected  as  shown  in  Fig.  1.  This 
disagreement  is  negative  for  the  model  (a).  For  the  case  of  (b),  electron-hole  pairs  in  the  conduction- 
band  tail  (WAT)  and  the  valence-band  tail  (Urbach  edge)  may  geminately  recombine,  and  accordingly 
photocurrents  cannot  appear,  in  consistent  with  the  observations.  With  these  three  reasons,  we  can 
assume  that  the  gap  states,  which  govern  the  WAT,  are  located  at  the  conduction-band  tail,  as 
illustrated  in  Fig.  2(b).  It  is  mentioned  here  that  in  amorphous  hydrogenated  Si  the  density-of-states 
has  the  (a)  form,  which  is  consistent  with  n-type  conduction  behaviors  [1,3] 


B.  Structural  origin 


Fig.  3  shows  optical  absorption  spectra  obtained  using  the  photothermal  deflection 
spectroscopy  for  rapidly-quenched  and  slowly-cooled.  As  mentioned  in  2,  these  samples  were  made 
from  one  original  ingot,  and  accordingly,  the  purity  levels  of  these  samples  are  assumed  to  be 
comparable.  Hence,  we  may  neglect  impurity  effects  upon  the  WATs  [12].  For  each  samples,  two 
specimens  with  thicknesses  of  0.2  -  0.4  mm  have  been  examined,  and  the  two  data  show  satisfactory 
agreements.  The  dips  at  1.4  eV  are  artificial  noises  arising  from  filter  exchange.  Note  that,  since 
quenched  glasses  are  necessarily  cracked  into  small  pieces  with  mm  scales,  it  is  difficult  to  evaluate 
low  optical  absorption  without  using  such  sensitive  methods  as  the  photothermal  deflection 
spectroscopy  [18,19]. 

In  this  result,  the  most  remarkable  difference  between  the  two  kinds  of  samples  is  the  level 
of  the  WATs.  The  quenched  samples  exhibit  the  WAT  which  is  higher  by  one  order  than  that  in  the 
slowly-cooled  samples. 

With  regard  to  structural  differences  between  the  rapidly-quenched  and  slowly-cooled 
samples,  the  most  noticeable  one  appears  to  be  the  density  of  wrong  bonds.  The  previous  [16]  and  the 
present  (Fig.  4)  Raman-scattering  spectra  indicate  that  the  concentration  of  As-As  bonds,  which  can 
be  estimated  from  the  intensity  of  230  cm'*  peak  [24],  in  the  quenched  samples  is  greater  than  that  in 
the  slowly-cooled  samples.  Although  the  S-S  peak  at  490  cm‘^  [24]  is  weak,  the  present  Raman 
spectra  in  Fig.  4  show  that  it  is  stronger  also  in  the  quenched  samples.  That  is,  these  observations 
demonstrate  that  the  wrong-bond  density  is  higher  in  the  quenched  samples.  Here,  although 
quantitative  evaluation  of  the  concentration  difference  is  not  straightforward,  a  plausible  difference  is 
typically  5  times  [25]. 

These  optical  and  structural  correspondences  imply  that  the  wrong  bonds  (As-As  and/or  S- 
S)  are  responsible  for  the  WAT.  The  higher  concentration  of  the  wrong  bonds  in  the  quenched  samples 
appears  to  cause  the  greater  WAT.  Then,  does  the  WAT  arise  from  As-As  or  from  S-S? 
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Photon  energy  (eV) 

Fig.  3.  (left)  Optical  absorption 
spectra  obtained  using  the 
photothermal  deflection  spectro¬ 
scopy  for  AS2S3  glasses  prepared 
through  rapidly-quenching  (trian¬ 
gles)  and  slowly-cooling  (circles 
and  squares)  processes.  The  lines 
represent  WATs. 


Fig.  4.  (right)  Raman  spectra  of 
slowly-cooled  (upper)  and  rapidly- 
quenched  (lower)  samples  obtained 
using  probe  light  of  hco  =  2.0  eV.  The 
inset  shows  magnified  views  for  the 
490  cm'^  peak. 


Fig.  5  displays  a  series  of  Raman-scattering  spectra  with  the  photon  energy  of  probe  light. 
Here,  the  intensity  is  normalized  with  a  peak  at  340  cxn\  which  is  identified  to  As-S  vibrations  [24]. 
We  see  that  the  As-As  peak  (230  cm"^)  increases  with  an  increase  in  the  photon  energy,  while  the  S-S 
peak  (490  cm'^)  does  not  show  appreciable  changes.  The  details  are  shown  in  the  inset,  in  which  the 
As-As  peak  exponentially  increases  with  the  photon  energy  in  the  spectral  range  of  1.5  -  2.4  eV,  which 
covers  the  WAT.  In  contrast,  the  S-S  peak  remains  at  a  small  level.  It  should  be  underlined  that  the 
results  obtained  for  the  conventional  and  the  high-purity  samples,  which  are  plotted  by  different 
symbols,  show  no  meaningful  difference. 


Fig.  5.  A  series  of  Raman  scattering  spectra  obtained  for  a  high-purity 
AS2S3  as  a  function  of  the  photon  energy  of  probe  light.  The  inset 
shows  the  intensities  of  230  and  490  cm‘^  Raman  peaks  as  a  function 
of  the  photon  energy  of  probe  light.  The  intensity  is  normalized  with 
that  of  the  main  peak  at  340  cm'^  The  two  symbols  show  the  two 
kinds  of  samples;  high  -  purity  samples  (+)  and  conventional  -  purity 

samples  (O). 
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That  is,  these  photon-energy  dependences  are  intrinsic  to  AS2S3  glass.  The  present  result 
may  be  consistent  with  that  reported  for  1 .96  -  2.61  eV  probe  light  by  Kawazoe  et  al.  [26]. 

The  exponential  dependence  of  the  As-As  peak  intensity  on  the  photon  energy  implies  a 
resonant  Raman-scattering  process  [27].  Conventional  analyses  of  resonant  Raman  scattering  show 
that,  when  the  photon  energy  of  probe  light  coincides  with  an  electronic  excitation  energy  E,,  Raman 
scattering  processes  associated  with  the  electronic  transition  enhance  dramatically,  resulting  in  the 
strengthening  of  related  Raman  peaks  [27].  The  resonance  curve  may  be  written  as  R(hoi-  E,),  which 
has  a  prominent  peak  at  tid)  =  Ei.  Here,  in  a  disordered  system,  Ei  is  probably  distributed,  and  we  may 
intuitively  assume  that  the  resonant  Raman  scattering  measures  E  ,  -  Ei).  This  represents  the 

electronic  density-of-states  of  the  resonant  sites,  provided  that  R  is  replaced  by  the  8-function,  which 
we  take  here  as  a  rough  approximation. 

Then,  we  can  assume  that  As-As  bonds  cause  the  WAT.  Actually,  the  characteristic  energy 
representing  the  exponential  increase  in  the  As-As  Raman  peak  (the  inset  in  Fig,  5)  is  ~  700  meV, 
which  is  comparable  to  Efy  («  300  meV)  in  the  WAT  [28]. 

On  the  other  hand,  the  photon-energy  independence  of  the  S-S  peak  implies  that  its 
resonance  feature  is  similar  to  that  of  As-S  bonds.  Since  the  bandgap  in  AS2S3  is  constructed  between 
lone-pair  electron  states  of  S  and  anti-bonding  states  of  As-S  [1,3],  these  similar  resonance  behaviors 
are  plausible.  In  other  words,  it  is  inferred  that  S-S  wrong  bonds  are  not  responsible  for  the  WAT. 

To  obtain  some  more  insight  into  the  atomic  structure  responsible  for  the  WAT,  I  have  also 
investigated  the  dependence  of  PL  spectra  upon  excitation  photon-energy,  which  is  varied  at  1.5  -  2.6 
eV.  Then,  a  similar  result  to  that  reported  by  Tada  et  al.  [29]  has  been  obtained;  i.e.  when  the 
excitation  photon-energy  is  higher  (Urbach  edge)  and  lower  (WAT  region)  than  ~  2  eV,  a  broad  PL 
peak  appears  at  around  tico  »  l.l  eV  and  0.9  eV.  Tada  et  al.  interpret  on  the  basis  of  their 
compositional  study  that  the  0.9  eV  PL  originates  from  As-As  bonds.  This  interpretation  is  consistent 
with  the  present  idea,  which  assumes  the  correspondence  between  the  WAT  and  As-As  bonds. 
However,  Tadas'  interpretation  may  be  inconsistent  with  a  result  obtained  using  optically  induced 
electron-spin  resonance  [30].  In  addition,  I  have  also  observed  that  other  samples  such  as  crystalline 
AS2S3  (orpiment),  which  nominally  has  no  As-As  bonds,  give  rise  to  broad  peaks  at  hco  »  0.9  eV. 
Therefore,  it  is  fair  to  conclude  that,  although  Tadas'  assertion  is  consistent  with  the  present  idea,  the 
0.9  eV  PL  peak  cannot  be  a  firm  evidence  indicating  the  existence  of  As-As  bonds. 

C.  Energy  level  and  atomic  structure 

We  have  obtained  two  ideas,  and  the  connection  of  the  two  is  the  next  subject.  That  is,  in  A, 
it  has  been  inferred  that  the  WAT  arises  from  tail  states  below  the  conduction  band.  In  B,  some 
observations  suggest  that  the  WAT  is  produced  by  As-As  wrong  bonds.  Then,  can  the  tail  states  below 
the  conduction  band  be  produced  by  As-As  bonds  ?  Fig.  6  shows  several  levels  of  interest  in  AS2S3.  In 
this  illustration,  the  energy  difference  between  the  outermost  p  levels  of  As  and  S  atoms  is  estimated 
at  ~  2.5  eV  [31].  The  lone-pair  /^-electron  level  of  S  broadens  to  form  the  top  of  the  valence  band 
(LP),  the  width  of  which  is  demonstrated  to  be  2  -  3  eV  [1,3].  On  the  other  hand,  the  conduction  band 
is  produced  by  the  anti-bonding  state  a*  of  As-S  bonds,  and  the  gap  giving  rise  to  the  so-called  Tauc 
optical  gap  of  ~  2.4  eV  appears  [1,3]. 

We  now  consider  the  energy  levels  of  wrong  bonds.  As-As  bonds  existing  in  AS2S3  glass 
must  also  produce  the  bonding  and  anti-bonding  states,  and  the  energy  split  can  be  estimated  at  3  -  4 
eV  from  experimental  studies  on  solid  As  [32].  Then,  we  can  predict  that  the  As-As  o*  states  are 
located  at  just  below  (or  at  around  the  bottom  of)  the  conduction  band  [33].  Since  As-As  bonds  are 
weaker  than  As-S  bonds  [6,34],  which  form  disordered  environments,  the  As-As  bond  distance  (R'  in 
Fig.  7)  probably  fluctuates  at  around  a  typical  value  2.5  A  [32].  Related  dihedral  angles  may  also 
fluctuate.  Then,  it  is  plausible  that  such  fluctuation  causes  a  broad  energy  distribution  of  As-As  a* 
states,  which  appears  as  the  WAT.  (However,  why  the  distribution  has  the  exponential  form  remains  to 
be  studied.)  On  the  other  hand,  it  is  known  that  S  dimers  possess  excitation  energy  of  ~  10  eV  [35], 
and  accordingly  the  antibonding  states  are  probably  included  in  the  conduction  band,  i.e.  these  cannot 
provide  any  contribution  to  gap  states.  (In  As2Se3,  Se-Se  o*  bonds  may  contribute  to  the  WAT,  since 
the  energy  difference  between  the  /j-electron  levels  of  As  and  Se  is  ~  2.0  eV  [31],  and  the  excitation 
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energy  of  Se  dimers  seems  to  be  comparable  to  that  of  As  dimers.) 

Fig.  7  gives  an  image  of  atomic  structures  in  AS2S3  glass.  As  suggested  previously  [7,14,15], 
we  here  assume  that  the  Urbach  edge  arises  from  an  exponential  density-of-states  at  the  top  of  the 
valence  band.  Such  an  exponential  edge  may  appear,  since  the  valence  band  is  formed  by  lone-pair 
electron  states  of  S  atoms  [1,3]  and  the  interaction  between  the  lone-pair  electrons  is  governed  by 
disordered  interlayer  distances  {R  in  the  figure).  In  addition,  the  covalent  atomic  structures  are  in 
favor  of  production  of  homopolar  bonds,  As-As  and  S-S,  and  the  exponential  edge  may  also  be 
influenced  by  intralayer  S-S  interaction.  On  the  other  hand,  As-As  bonds  are  assumed  to  be 
responsible  for  the  WAT  as  described  above. 


Fig.  6.  (left)  Electronic  structures  in  AS2S3 
containing  As-As  and  S-S  wrong  bonds. 
LP  denotes  the  lone-pair  electron  state. 


D.  Other  related  features 


Fig.  7.  (right)  A  schematic  structure  of  AS2S3  glass. 
R,  R\  and  denote,  respectively,  the  interlayer 
distance,  intralayer  As  -  As  distance,  and 
intralayer  S-S  distance. 


The  present  model  seems  to  be  consistent  with  temperature  dependence  of  WATs.  Tauc  et  al. 
have  demonstrated  for  AS2S3  that,  with  an  increase  in  temperature  from  100  to  600  K,  the  Urbach 
edge  substantially  redshifts  while  the  WAT  changes  little  [36].  This  temperature  independence  of  the 
WAT  is  consistent  with  the  present  model,  since  the  wrong-bond  density  cannot  change  at 
temperatures  below  the  melting  temperature,  580  K  [2,16].  On  the  other  hand,  thermal  disordering 
may  govern  the  Urbach-edge  behavior  [37]. 

The  present  model  is  also  in  harmony  with  the  fact  that,  in  crystalline  As2S(Se)3,  electrons 
are  more  mobile  than  holes  [38].  In  these  crystals,  As-As  wrong  bonds  do  not  exist  under  ideal 
situations,  and  accordingly,  in  the  present  view,  no  traps  for  electrons  exist. 

The  present  model  predicts  that  elemental  chalcogenide  glasses,  in  which  no  wrong  bonds 
exist,  do  not  show  WATs,  while  reported  results  appear  to  be  inconclusive.  Among  many  optical 
spectra  reported  for  amorphous  Se,  the  smallest  attenuation  may  be  10’^  cm'*  at  hco  «1  eV  with  WAT- 
like  spectral  features  [39].  The  photo-acoustic  spectroscopy  [40]  and  the  present  photothermal 
deflection  spectroscopy  for  Se  layers  (unpublished)  also  demonstrate  absorption  levels  of  10"*  cm"*  at 
1  eV  with  WAT-like  features.  These  attenuation  or  absorption  levels  appear  to  be  comparatively 
smaller  than  those  in  compound  glasses  such  as  As2Se3  (a  «  10  *  cm"*)  [1],  while  WAT-like  features 
still  remain.  However,  we  cannot  identify  the  origin  of  these  attenuations,  which  may  be  governed  by 
surface  and/or  bulk  scattering.  Alternatively,  it  may  be  due  to  absorption  caused  by  impurities  and/or 
defects.  Liquid  S  also  shows  absorption  of-  10  *  cm"*  with  WAT-like  features  [41]. 

The  present  model  also  predicts  that,  in  the  As-S  glass  system,  the  WAT  becomes  smaller 
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with  an  increase  in  the  S  content,  since  As-As  bonds  become  fewer.  Fig.  8  shows  related  absorption 
spectra  for  AsxSioo-x  (x  =  17  43),  which  were  obtained  using  the  photothermai  deflection 

spectroscopy.  The  inset  shows  composition  dependence  of  the  absorption  coefficients  evaluated  at, 
tentatively,  ^g)  =  1.5  eV.  We  see  that,  with  an  increase  in  S  content,  the  level  of  WAT  decreases,  which 
is  consistent  with  the  prediction.  We  also  see,  however,  that  the  level  becomes  smaller  in  AS43S57.  This 
result  may  indicate  that  many  As-As  bonds  form  extended  states.  It  is  mentioned  here  that  subsidiary 
X-ray  fluorescence  measurements  did  not  show  marked  impurity  difference  in  these  glasses. 


1  ....  1  . ...i  .........J 

0.5  1  1.5  2  2.5  3 

Photon  energy  (eV) 


Fig.  8.  Absorption  spectra  of  As^Sioo-x  glasses.  The  inset  shows  the  composition  dependence 
of  absorption  coefficients  evaluated  at  a  photon  energy  of  1 .5  eV. 

In  contrast  to  chalcogenide  glasses,  it  has  been  repeatedly  demonstrated  tliat  Si02  glass 
possesses  no  WAT  [42].  Alternatively,  optical  attenuation  below  the  Urbach  edge  is  governed  by  light 
scattering  arising  from  density  fluctuation.  This  ultimate  transparency  can  be  understood  coherently 
with  the  present  model,  since  Si-O  bonds  are  fairly  ionic  [31],  and  accordingly  the  wrong  bonds  (Si-Si 
and  0-0)  are  few.  Similar  situations  may  be  expected  for  ionic  chalcogenide  glasses  such  as  Ga2S3- 
Na2S,  while  the  glass  is  hygroscopic  and  residual  absorption  still  remains  [43]. 

E.  Comment  on  the  charged-defect  model 

It  seems  valuable  to  consider  a  consequence  of  the  present  model  upon  the  charged-defect 
models  proposed  by  Street  and  Mott  [4]  and  Kastner  et  al.[5].  The  charged-defect  models  assert  [1,3] 
that,  in  chalcogenide  glasses,  D“  and  (in  Motts'  notation)  become  to  be  intrinsic  gap  states,  and 
their  electronic  states  are  located,  respectively,  at  above  the  valence  band  and  below  the  conduction 
band  (see,  Fig.  2c).  The  density  is  estimated  at  ppm  levels,  --  10^^  cm"^. 

These  models  should  be  re-considered,  at  least,  in  two  respects.  One  is  that  the  models 
presume  that  the  chalcogenide  glass  is  completely  transparent  [4,5],  i.e.  no  midgap  states.  However, 
we  have  seen  that  there  is  residual  absorption  in  highly-pure  AS2S3  glasses,  in  which  no  impurities  are 
detected,  i.e.  less  than  10  ppm.  The  other  is  that  recent  studies  suggest  that  the  PL  with  large  Stokes 
shifts,  which  was  interpreted  as  creation  of  from  and/or  D”  [1,3],  has  been  demonstrated  using 
optically-detected  ESR  to  be  caused  by  self-trapped  excitons  [44],  That  is,  no  charged  defects  are 
needed. 

The  present  model  assumes  the  electronic  density-of-states  with  the  form  of  Fig.  2(b).  Here, 
the  conduction-band  tail  is  composed  with  the  As- As  bonds  of  0.1  -  1  at.%  [25],  which  govern  the 
WAT.  On  the  other  hand,  it  has  been  inferred  that  the  valence-band  tail  is  governed  by  the  disordered 
interaction  between  lone-pair  electrons  of  S  atoms  [7,10,14,15].  No  unpaired  electrons  exist  in  the 
present  model,  which  is  consistent  with  observations  [1,3]. 

The  two  models  may  be  incompatible.  Since  the  existence  of  a  large  number  of  As-As  bonds 
has  been  firmly  demonstrated  by  several  experiments  [25],  and  since  the  bonds  appear  to  produce  gap 
states  as  discussed  in  3C,  it  is  difficult  to  envisage  that  the  charged  defects  govern  macroscopic 
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electronic  properties,  at  least,  in  real  As2S(Se)3  glasses.  It  seems  that  most  of  electronic  properties  in 
covalent  chalcogenide  glasses  can  be  understood  with  homopolar  bonds  and  interlayer  interaction. 
For  instance,  the  photoinduced  ESR  [1,3]  can  be  understood  by  assuming  creation  of  D®  states 
through  photoinduced  bond  scission  of  homo-  and  hetero-polar  bonds,  which  is  predicted  theoretically 
[45]. 


4.  Summary 

The  existence  of  WATs  appears  to  be  inherent  to  chalcogenide  glasses,  and  understanding  of 
its  origin  has  been  desired.  The  understanding  has  also  been  required  from  a  viewpoint  of  applications 
to  IR-transparent  optical  fibers. 

We  have  studied  the  WAT  using  AS2S3  glass  as  a  sample,  and  have  presented  some 
observations,  which  give  the  following  two  ideas: 

i)  The  WAT  originates  from  tail  states  below  the  conduction  band. 

ii)  As-As  wrong  bonds  (0.1-1  at.%)  are  responsible  for  the  WAT. 

These  two  ideas  have  been  understood  coherently  with  an  electronic-level  diagram,  in  which  the 
antibonding  states  of  As-As  are  located  below  the  conduction  band.  Finally,  it  has  been  asserted  that 
the  wrong  bonds  behave  as  more  dominant  gap  states  than  the  charged  defects. 
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Anomalous  x-ray  scattering  experiments  on  glassy  Ge^Sei-x  have  been  carried  out  at  energies 
close  to  the  Ge  and  Se  K  edges  at  concentrations  close  to  the  onset  and  completion  of  the 
rigidity  percolation  threshold  (x  =  0.195  and  0.23).  The  total  structure  factors  S{Q)  show  rapid 
changes  in  both  the  position  and  intensity  of  the  prepeak  around  10  nm  ,  while  remaining 
almost  unchanged  in  the  other  Q  ranges.  The  differential  structure  factors  AiS(Q)  obtained 
have  characteristic  features  of  their  own.  A  detailed  comparison  among  them  suggests  that  the 
prepeak  originates  from  only  the  Ge-Ge  correlation.  On  the  basis  of  the  concentration 
dependence  of  the  spectra  and  the  existing  partial  structure  factors  of  glassy  GeSea  obtained 
by  Petri  et  al,  the  origin  of  the  prepeak  is  discussed.  Valence-  and  conduction-band  electronic 
density  of  states  of  glassy  Ge^Sei.,  (0  <  x  <  0.33)  were  also  investigated  by  measuring  the 
ultraviolet  photoemission  and  inverse-photoemission  spectra.  They  exhibit  a  remarkable 
change  in  their  spectral  features  near  x  =  0.20.  These  observations  in  both  the  atoinic  and 
electronic  structures  are  consistent  with  the  occurrence  of  a  percolation  threshold  in  non¬ 
crystalline  covalent  network  systems  as  predicted  by  Phillips  and  Thorpe.  The  threshold  is 
characterized  by  the  percolation  of  a  specific  Ge(Se„2)4  molecular  unit  spread  over  the 
network. 
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1.  Introduction 

There  is  a  general  agreement  that  in  glassy  (g-)  GexSej.x  systems,  the  coordination  numbers  of 
Ge  and  Se  are  4  and  2,  respectively,  in  the  concentration  range  0.00  <  x  <  0.33.  This  chemically- 
ordered  continuous-random-network  model  was  originally  proposed  by  Zachariasen  [1],  and 
experimentally  supported  by  electron  diffraction-  [2,3],  x-ray  diffi’action-  [4],  and  Raman  scattering 

[5]  measurements.  ,  •  u 

Mean-field  constraint  theory  [6,7]  for  network  glasses  provides  a  powerful  tool  to  explain  the 
experimentally  observed  numerous  anomalies  around  the  critical  composition  of  rigidity  percolation 
threshold  at  an  average  coordination  number,  <r>  =  2.4,  where  the  number  of  constraints  per  atom  is 
equal  to  the  degree  of  freedom.  In  case  of  g-GexSej.x  systems,  this  corresponds  to  x  —  0.20.  The 
character  of  the  network  glass  undergoes  a  steep  “first-order-like”  transition  from  easily  deformable  at 
<r>  <  2.4  {floppy)  to  rigid  at  <r>  >  2.4.  Katamigahara  et  al.  [8]  reported  a  dynamic  density  of  states 
around  5  meV  to  prove  the  existence  of  the  floppy  mode  {zero-frequency  mode  in  ihs  floppy  glass)  by 
measuring  inelastic  neutron  scattering  spectra.  Recently,  Boolchand  and  co-workers  [9]  demonstrated 
that  results  from  Raman  scattering,  modulated  scanning  calorimetry,  molar  volume,  and  Mossbauer 
spectroscopy  provide  evidence  for  a  multiplicity  of  stiffness  transitions;  an  onset  point  near  <r>  = 
2.40  (x  =  0.20)  and  a  completion  point  near  <r>  —  2.46  (x  =  0.23).  Of  particular  interest  are  the  Raman 
scattering  results  of  the  concentration  variation  of  comer-sharing  mode  frequency  of  Ge(Sei/2)4  units, 
which  show  an  abrupt  jump  at  x  =  0.23.  These  Raman  results  led  to  the  suggestion  that  they  correlate 
rather  well  with  the  atomic  and  electronic  structures  of  g-GexSei.x  around  this  stiffness  threshold 
composition. 

X-ray  absorption  fine  structure  (XAFS)  results  provide  excellent  information  on  first-shell 
local  structure,  or  the  so-called  short-range  order  (SRO),  around  each  constituent  element  even  in 
non-crystalline  materials.  For  this  reason,  precise  studies  of  the  concentration  dependence  of  the 
atomic  structure  of  g-GexSei.x  in  the  range  0.00  <  x  <  0.33  were  performed  using  XAFS  technique 
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[10,11,12],  They  confirmed  the  predicted  coordination  numbers  (8-A^  rule)  with  the  bond  length 
similar  to  that  in  the  crystal.  Only  ref.  [12]  suggests  minor  deviations  of  the  coordination  numbers 
from  the  S-A'^rule.  The  higher  shell  information  was,  however,  very  limited  due  to  a  short  lifetime  of 
photoexcited  electrons  during  the  XAFS  process. 

An  x-ray  diffraction  study  was  performed  at  compositions  x  =  0.00,  0.04,  0.10,  0.15,  0.20,  and 
0.25  [13],  which  demonstrated  that  besides  the  well-established  SRO  information,  a  prepeak  appears 
in  the  total  structure  factors  S(Q)  at  a  scattering  vector  Q  of  about  10  nm"'.  The  prepeak,  which  is 
clear  evidence  for  the  existence  of  intermediate-range  order  (IRO),  shows  a  systematic  decrease  in  the 
intensity  and  shifts  towards  higher  Q  with  decreasing  Ge  concentration.  The  earlier  x-ray  scattering 
experiment  [4],  as  well  as  a  recent  neutron  diffraction  measurement  [14],  indicated  the  same 
concentration  variation  of  the  prepeak  in  iS'(0. 

An  anomalous  x-ray  scattering  (AXS)  experiment  was  carried  out  by  Armand  e(  al.  [1 5]  at  x  = 
0.167  and  0.25.  From  the  differential  structure  factors  4'S'(0  obtained,  they  concluded  that  the 
structure  at  x  =  0.25  is  based  on  that  of  the  crystalline  GeSe2  with  the  presence  of  edge-  and  corner¬ 
sharing  Ge(Sei/2)4  tetrahedra,  and  that  at  x  =  0.167,  the  structure  is  built  up  from  isolated  Ge(Sei/2)4 
tetrahedra  interconnected  by  short  Se  chains.  Moreover,  they  suggested  that  the  prepeak  seems  to  be 
due  to  the  Ge-Ge  correlations.  However,  due  to  the  rough  concentration  steps  at  which  the  diffraction 
experiments  were  performed,  it  is  still  difficult  to  discuss  how  the  IRO  in  g-Ge^Se^x  changes  when 
crossing  the  stiffness  threshold  composition  x  =  0.20. 

We  have  carried  out  AXS  experiments  on  g-GcxSej.x  [16]  to  obtain  detailed  structural 
information,  i.e.,  to  clarify  the  role  of  each  element  on  the  SRO  and  IRO.  The  experiments  were 
performed  at  the  Ge  concentrations  of  0.195  and  0.23,  which  are  respectively  very  close  to  the  onset 
and  completion  concentration  points  of  the  Boolchand’s  criterion  [9].  Additionally  an  SiQ) 
measurement  was  performed  at  x  =  0. 1 85. 

As  mentioned  above,  the  Raman  scattering  results  of  the  corner-sharing  mode  frequency  of 
Ge(Sei/2)4  units  show  a  sudden  jump  at  x  =  0.23  [9].  The  origin  of  the  covalent  bond  is,  of  course,  a 
distribution  of  electron  clouds  between  atoms.  Valence-band  electronic  density  of  states  can  be 
investigated  by  means  of  photoemission  spectroscopy  (PES).  Some  decades  ago,  PES  spectra  of  g- 
GeSe2  [17,18,19]  and  g-Se  [20]  were  obtained  using  this  technique.  The  results  confirmed  simple 
band  models  for  each  glass. 

On  the  other  hand,  information  on  the  conduction  bands  or  the  empty  states  has  been  limited 
so  far.  Measurements  of  optical  reflectance  [19,21,22]  is  one  of  the  indirect  methods  to  estimate  the 
conduction  bands.  The  imaginary  part  of  dielectric  function,  £2,  can  be  calculated  by  a  Kraniers- 
Kronig  analysis  of  the  reflectance  spectra.  The  £2  spectrum  was  for  a  long  time  believed  to  be  the 
simple  convolution  of  the  valence  and  conduction  bands,  which  is  the  so-called  constant-transition- 
matrix-element  assumption  for  disordered  materials.  However,  our  recent  PES-IPES  works  on  g-Se 
and  As2Se3  [23]  and  amorphous  Ge  [24]  provide  the  first  clear-cut  evidence  that  this  historic 
assumption  is  not  generally  valid.  Core-absorption  spectroscopy  [18,25,26,27]  was  also  widely  used 
to  obtain  information  on  the  empty  states.  However,  it  was  very  difficult  to  obtain  the  conduction- 
band  DOS  from  the  reflectance  and  core-absorption  measurements,  because  the  role  of  the  exciton 
effects  as  well  as  the  matrix  elements  on  these  optical  transitions  were  not  sufficiently  understood  for 
analysing  them  further. 

It  is  well  known  that  inverse-photoemission  spectroscopy  (IPES)  is  a  powerful  method  to 
directly  obtain  conduction-band  DOS,  We  have  measured  PES  and  IPES  spectra  of  g-GCxSei.x  in  the 
concentration  range  0  <  x  <  0.33,  especially  near  x  =  0.20  in  detail,  and  found  a  dramatic  change  in  the 
spectral  features  nearx  =  0.20  [28]. 

In  this  paper,  I  review  our  recent  investigations  on  the  atomic  and  electronic  structures  of  g- 
GCxSei.x  near  the  stiffness  threshold  composition  x  =  0.20  by  means  of  the  AXS  and  PES/IPES 
measurements.  Following  this  section,  principles  of  these  noble  techniques  and  actual  experimental 
procedures  are  given  in  Sec.  II  and  III,  respectively,  with  separated  subsections  for  each  technique. 
Then,  the  experimental  results  are  presented  in  Sec.  IV.  In  Sec.  V,  I  discuss  the  critical  behaviours  of 
the  atomic  and  electronic  structures  in  g-GCxSci-x  mixtures  in  terms  of  the  Phillips-Thorpe  rigidity 
percolation  theory  [6,7].  I  conclude  in  the  last  section. 
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2.  Principles  of  experimental  techniques 

A.  Anomalous  x-ray  scattering 

The  scattered  x-ray  intensity  varies  with  energy  E  of  the  incident  x-ray  beam  due  to  the 
energy  dependence  of  the  atomic  form  factor, 

f{Q,E)=fo{Q)+  f'{E)  +  if"{E),  (1) 

whereto  is  the  energy-independent  form  factor,/'  and /"  the  real  and  imaginary  parts  of  anomalous 
term,  respectively.  When  the  incident  x-ray  energy  is  tuned  near  an  absorption  edge  of  an  element  in  a 
multicomponent  material,  the  variation  of  ^Q,E)  is  significant,  which  can  produce  a  substantial 
contrast  among  the  scattering  patterns,  i.e.,  S(Q),  recorded  at  different  energies.  As  an  example,/’  and 
/”  of  Ge  and  Se  are  shown  in  Fig.  1  as  a  function  of  energy  E,  which  were  calculated  by  Sasaki  [29]. 
As  is  clearly  seen  in  the  figure,  each  /’  exhibits  a  considerable  decrease  at  energies  near  its  K 
absorption  edge. 


Fig.  1 ./’  and /”  of  Ge  (dashed  lines)  and  Se  (solid  lines)  as  a  function  of  energy  E 
calculated  by  Sasaki  [29].  Arrows  indicate  energies  at  K  absorption  edges. 

This  contrast  can  be  used  to  obtain  45'(0  by  taking  the  difference  of  two  scattering  spectra 
measured  typically  at  about  10  eV  and  some  hundred  eV  below  the  absorption  edge.  The  4^(0 
mainly  results  from  pair  correlations  of  the  element  near  whose  absorption  edge  the  experiments  are 
carried  out.  For  example,  for  a  binary  alloy  AB,  if  the  measurements  are  performed  close  to  an 
absorption  edge  of  A  element,  the  AyiS(Q)  usually  contains  only  A-A  and  A-B  correlations,  because 
fiQ,E)  of  B  element  does  not  change  significantly  over  the  energy  range  used,  and  thus  the  B-B 
correlation  is  eliminated  by  taking  the  difference.  Like  XAFS,  AXS  provides  selective  information  on 
the  structural  environment  around  a  specific  element.  A  distinct  advantage  of  AXS  compared  to 
XAFS  is  that  it  provides  a  sensitive  IRO  information  as  already  mentioned  in  the  introductory  section. 

The  pair  distribution  function  g(r)  of  an  average  atom  is  expressed  as 

4?ir/>o[g(r)  - 1]=  ^  jQ[S(Q)  -  l]sinQrdQ  (2) 

where  po  is  the  averaged  number  density.  19(0  is  related  to  the  elastically  scattered  x-ray  intensity 
AQ,E)hy 


al  {Q,E)  =  {f{Q,Ef)-(f  (Q,  E)Y +{f  (Q,  £)>'  S(Q)  (3) 

where  a  is  a  normalization  constant,  and  o  represents  the  chemical  average  of  the  atomic  form 
factors,  i.e.,  for  a  binary  alloy. 
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(/(&£))  =[Zc,^(Q,£)J  • 

Here  Ct  is  the  atomic  fraction  of  element  i.  Then,  S{Q)  can  be  written  as  a  linear  combination  of  three 
partial  structure  factors,  Sij{Q\  weighted  by  weighting  factors  fV,/Q,F), 

hi  y=i 

where 

f,(Q,E)f;(Q,E)  (7) 

W,jiQ,E)=qCj-^ - 

{f{Q,E)) 

The  imaginary  part  of  anomalous  terms  f”{E)  in  the  atomic  form  factors  can  be 
experimentally  obtained  from  XAFS  experiments,  and  f\E)  can  be  calculated  from  f’{E)  using  the 
Krammers-Kronig  relation  [30,31,32].  However,  the  difference  between  the  theory  and  their 
experimental  results  are  small  in  the  energy  range  more  than  15  eV  below  tlie  absorption  edge. 
Therefore,  theoretical  data  calculated  by  Sasaki  [29]  were  used  for  the  present  analyses.  Theoretical 
value  of  the  energy-independent  form  factor  fo  was  also  taken  from  a  literature  [33].  The  energies  and 
corresponding  theoretical  values  of /’(£}  and/’(E)  used  for  our  experiments  and  analyses  are  given  in 
Table  1 . 

Table  \.f  and/”  values  (electron  units)  of  Ge  and  Se  elements  at  energies  measured. 


Energy  (eV) 

foe 

f’Ge 

fse 

f’se 

10903 

-3.647 

0.510 

-1.750 

0.656 

11088 

-6.292 

0.494 

-1.844 

0.635 

12454 

-1.254 

3.157 

-3.725 

0.515 

12639 

-1.113 

3.084 

-6.141 

0.500 

Fig.  2(a)  shows  the  weighting  factors  Wy  of  Ge-Ge,  Ge-Se,  and  Se-Se  atomic  correlations  for 
g-Geo.23Seo.77  at  the  incident  energy  of  10903  eV  (-200  eV  from  the  Ge  K  edge)  as  a  function  of  Q. 
Due  to  the  dominant  concentration  of  Se  in  g-Geo.23Seo  77»  the  largest  contribution  is  WseSe  of  about 
65%,  the  second  Wces^  of  about  30%,  and  the  smallest  WceCe  of  about  5%.  They  slightly  change  with 

Q. 

As  mentioned  above,  for  analysing  the  local  structures,  one  can  use  the  difference  of  the 
scattering  intensities, 

zl/  (Q)  =  rt[(  f  ')  -  ( f ) '  ]  +  zl[(  f )  "]rtS(Q)  >  (8) 

where  A  indicates  the  difference  between  energies  E\  and  E2  of  the  following  quantity.  If  the  energies 
are  chosen  so  that  mainly  i  element’s/g,/)  changes,  i.e.,  E\  is  relatively  far  (some  hundred  eV)  from 
the  i  element’s  absorption  edge,  and  £2  very  close  (about  10  eV)  to  it,  Eq.  (8)  is  very  sensitive  to 

correlations  comprising  i  element.  zlS'(0  is  also  defined  as  a  linear  combination  of  SyiQ), 

2  2 

AS{Q)^Y'^mQ.EuE,)S^j(Qr 

/=i  y=i 

where  the  weighting  factors  are 


W,j{Q,EuE2)  =  CiCj 
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Fig.  2.  of  Ge-Ge,  Ge-Se,  and  Se-Se  atomic  correlations  in  (a)  S(Q)  for  g-Geo.23Seo.77  at  the 

incident  energy  of  10903  eV  (200  eV  below  the  Ge  K  edge),  in  (^)  AqcS{Q)^  md  in  (c) 

^seS(Q)  as  a  function  of  Q. 

For  g~Geo.23Seo.77,  WijS  obtained  from  two  different  energies  close  to  the  Ge  and  Se  K  edges, 
Le.,  those  in  AoeSiQ)  and  AseS{QX  in  the  present  experiments  are  shown  in  Figs.  2(b)  and  2(c), 
respectively.  As  seen  in  Fig.  2(b),  the  Se-Se  correlation  is  highly  suppressed  in  comparison  to  WseSc 
for  S(Q)  shown  in  Fig.  2(a).  However,  the  Ge-related  weighting  factors  (Ge-Ge  and  Ge-Se)  are 
considerably  larger  in  AoeSiQ)  than  in  S{Q).  On  the  other  hand,  the  Ge-Ge  correlation  in  AseS(Q) 
shown  in  Fig.  2(c)  is  negligibly  small,  whereas  the  Se-related  correlations  are  highly  enhanced.  They 
slightly  change  with  Q. 

B.  Photoemission  and  inverse-photoemission  spectroscopies 

Photoelectron  or  photoemission  spectroscopy  (PES)  is  well  known  as  a  technique  to  evaluate 
valence-band  electron  density  of  states  (DOS)  using  the  photoelectron  effect.  Fig.  3(a)  shows  a 
schematic  band  scheme  to  explain  how  one  can  obtain  the  occupied-state  DOS  by  means  of  the  PES 
measurement.  When  a  light  photon  irradiates  a  material,  an  electron  is  excited  with  the  corresponding 
energy  of  the  photon,  hv,  when  the  final  state  is  empty  for  excitation. 

Inverse-photoemission  spectroscopy  (IPES)  or  Bremsstrahlung  Isochromat  spectroscopy 
(BIS)  is  a  relatively  new  technique  to  investigate  conduction-band  DOS.  The  word  ‘inverse-^  means 
phenomenologically  inverse  to  the  PES  procedure,  but  the  process  of  the  IPES  is  not  inversely.  Figure 
3(b)  shows  a  schematic  band  scheme  to  explain  how  one  can  obtain  the  conduction-band  or  empty- 
state  DOS  by  means  of  IPES  measurement.  When  a  material  is  irradiated  by  an  electron  with  a  kinetic 
energy  of  the  electron  enters  an  empty  (conduction-band)  state  of  the  material  with  the 
corresponding  energy.  This  electron  can  radiatively  loose  its  energy  by  releasing  to  a  conduction-band 
state  with  a  lower  energy  level,  and  emits  a  photon  with  the  corresponding  energy  hv.  Hence,  one  can 
estimate  the  conduction-band  DOS  by  measuring  the  energy  and  intensity  of  the  photons  coming  from 
the  surface  of  material. 
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Fig,  3.  Schematic  band  scheme  to  explain  how  one  can  obtain  (a)  valence-band  and  (b) 
conduction  -  band  DOSs  by  means  of  the  PES  and  IPES  measurements,  respectively. 

Technically,  the  PES  and  IPES  measurements  must  be  performed  under  ultrahigh  vacuum 
conditions  of  better  than  Torr  (or  mbar).  This  is  because  the  PES  and  IPES  processes  occur 

near  the  surface  of  material  (1-10  nm)  and  a  contamination  by  oxygen  etc.  causes  fatal  effects  to  the 
PES  and  IPES  spectra.  The  sample  surface  must  be  clean  on  the  atomic  level.  Additionally,  if  the 
sample  is  not  metallic,  such  as  the  present  semiconducting  Ge-Se  system,  an  electrostatic  charging  of 
the  sample  must  carefully  be  avoided  in  the  IPES  process.  The  injected  electron  can  smoothly  be 
escaped  from  the  sample  surface  to  the  ground  by  preparing  the  nonmetallic  sample  with  a  thickness 
of  1-10  nm. 


3.  Experimental  procedure 

A.  Anomalous  x-ray  scattering 

The  GcxSei.x  bulk  samples  were  prepared  by  quenching  the  melts  after  rocking  the  quartz 
ampoule  of  the  mixed  compound  for  at  least  48  hours.  The  purity  of  each  starting  element  was 
99.999%.  The  concentration  and  homogeneity  of  the  samples  were  examined  by  measuring  Raman 
scattering  spectia  at  several  parts  of  the  quenched  samples. 

The  AXS  measurements  were  carried  out  using  an  (o-29  diffractometer  installed  at  the 
beamline  B1VI02  of  the  European  Synchrotron  Radiation  Facility  (ESRF)  in  Grenoble,  France.  X-rays 
produced  by  a  bending  magnet  were  monochromatized  using  an  Si(Ill)  double-crystal 
monochromator  with  a  sagittal  focusing  shape,  which  was  located  between  two  cylindrically  bent 
mirrors.  This  x-ray  optics  provided  a  small  size  of  incident  x-ray  beam  with  0.2  mm  height  and  0.5 
mm  width,  and  an  energy  resolution  of  about  1  eV.  Energy  was  calibrated  using  the  L,„  absorption 
edge  of  an  Au  foil  (1 1918  eV)  before  the  experiments,  and  additionally  in  situ  by  using  the  Ge  and  Se 
K  edges  of  tlie  sample  during  the  experiments. 

The  diffraction  experiments  were  performed  at  two  energies  (-15  and  -200  eV)  below  the  K 
edge  of  each  element  (Ge:  11103  eV,  Se:  12654  eV).  In  order  to  obtain  4>S'(0s,  or  partial  structure 
factors  SijiQ),  of  good  statistical  quality,  there  are  two  requirements  which  need  to  be  fulfilled:  1)  A 
sufficient  energy  resolution  of  the  detector  to  discriminate  the  elastic  signal  from  the  fluorescence  and 
Compton  contributions,  and  2)  a  sufficient  number  of  scattered  x-ray  photons  in  a  reasonable  data 
acquisition  time.  In  case  of  the  present  samples  near  Geo.2SeOo.8  concentration,  provided  that  30,000 
counts  at  the  Q  position  of  the  first  S{Q)  maximum  give  enough  statistical  quality,  600,000  counts  at 


Atomic  and  electronic  structures  of  glassy  GexSci.x  around  the  stiffness  threshold  composition  205 


the  same  Q  position  are  necessary  to  obtain  AceSiQ)  of  identical  quality.  This  is  because  the  contrast 
in  the  vicinity  of  the  Ge  K  absorption  edge  is  only  about  5%.  At  least  three  times  more  counts  would 
even  be  needed  to  obtain  Sij{Q)s.  For  these  reasons,  we  chose  a  pyro-graphite  crystal  analyzer,  which 
provides  a  good  Bragg  reflection  efficiency.  The  scattered  x-ray  photons  were  energy-analysed  with 
this  crystal,  and  counted  using  a  photomultiplier  with  Nal  crystal  scintillators.  To  satisfy  the  first 
requirement  mentioned  above,  the  detector  was  placed  on  a  long  arm  of  40  cm. 

Fig.  4  shows  rocking  curves  obtained  from  this  detector  system  measured  close  to  the  Se  K 
edge  (-15  and  -200  eV)  at  <2  =  60  nm’’,  where  the  nonelastic  contributions  to  the  elastic  signal  are 
large.  The  energy  resolution  of  this  detector  system  was  about  90  eV  in  these  energy  ranges.  The 
dotted  curves  are  ten  times  enlarged  in  comparison  to  the  solid  curves  to  clearly  show  the  Se  Kp 
fluorescence  and  Compton  scattering  intensities.  As  seen  in  the  figure,  both  the  Se  Kp  and  Compton 
contributions  can  be  estimated  to  be  less  than  0.3%  at  energies  where  the  elastic  spectra  were 
measured  (arrows  in  Fig.  4).  Nevertheless,  we  measured  such  rocking  curves  for  each  scan  atQ=  12, 
22,  40,  60,  and  90  nm"'  to  estimate  these  contributions  in  order  to  use  them  for  the  data  correction. 
Similar  rocking  curves  were  also  obtained  close  to  the  Ge  K  absorption  edge. 
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Fig.  4.  Rocking  curves  of  the  detector  system  measured  at  energies  close  to  the  Se  K 
absorption  edge  at  0  =  60  nm'V 

The  diffraction  measurements  were  performed  in  steps  of  0.5  nm'^  in  the  Q  range  from  4  nm'^ 
up  to  94  and  109  nm’*  at  energies  close  to  the  Ge  and  Se  K  edges,  respectively.  More  than  600,000 
counts  at  the  Q  position  of  the  first  5^(0  maximum  could  be  acquired  at  the  incident  energies  close  to 
the  Ge  edge,  and  1 80,000-250,000  counts  close  to  the  Se  K  edge.  The  data  collection  durations  were 
about  4  and  6  hours  for  each  scan  around  the  Ge  and  Se  K  edges,  respectively.  The  incident  beam 
intensity  was  monitored  by  counting  the  scattering  signal  from  a  thin  Kapton  foil  in  front  of  the 
sample  using  a  photomultiplier  with  Nal  crystal  scintillators,  and  used  for  the  normalization  of  the 
spectra. 

B.  Ultraviolet  photoemission  and  inverse-photoemission  spectroscopies 

Fig.  5  shows  a  schematic  diagram  of  the  experimental  apparatus  used  for  recording  the 
ultraviolet  PES  (UPS)  and  IPES  spectra.  It  is  mainly  composed  of  four  ultrahigh-vacuum  chambers: 
two  chambers  for  the  sample  preparation,  an  IPES  analyser  chamber  and  an  UPS  analyser  chamber, 
operating  under  base  pressures  of  4.0  x  10"***,  7.0  x  10’**,  and  4.0  x  10’***  Torr,  respectively. 


Energy  (keV) 
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Fig.  5.  Schematic  diagram  of  the  apparatus  composed  of  the  UPS  and  IPES  spectrometers, 

and  two  sample  preparation  chambers.  The  in  situ  measurements  of  the  UPS  and  IPES 
spectra  enable  us  to  connect  the  both  spectra  at  the  Fermi  level. 

In  the  IPES  chamber,  a  monoenergic  electron  beam  from  an  electron  gun  of  Erdman-Zipf  type 
with  a  BaO  cathode,  which  can  deliver  a  high  beam  current  down  to  low  kinetic  energy  (1-10  pA  at  10  eV) 
with  an  energy  spread  of  0,25  eV,  was  focused  onto  the  sample.  Light  emitted  from  the  sample  was 
focused  by  an  A1  reflection  mirror  coated  with  an  MgF2  film  and  detected  using  a  bandpass  photon 
detector  of  our  own  design  [34].  The  detector  consists  basically  of  a  simple  combination  of  a  pure  SrF2 
entrance  window  and  a  commercial  Cu-BeO  photomultiplier.  Evaporation  of  KCl  onto  the  first  dynode  of 
the  photomultiplier  improved  the  bandpass  characteristics  and  the  sensitivity.  The  full-width  at  half¬ 
maximum  of  the  detector  was  0.47  eV  centred  at  9.43  eV.  The  sensitivity  was  increased  by  about  one  order 
of  magnitude  in  comparison  to  the  original  one.  The  overall  energy  resolution  of  the  spectrometer  was  0.56 
eV  [35]. 

The  UPS  spectrometer  was  composed  of  a  He  discharge  lamp  (/?  v=  21.2  eV)  as  an  excitation  light 
and  a  double-stage  cylindrical-mirror  analyser  (DCMA)  as  an  electron  energy  analyser  for  recording  angle- 
integrated  spectra.  The  energy  resolution  of  the  UPS  spectrometer  was  set  to  be  0.2  eV.  The  energy 
calibrations  of  the  IPES  and  UPS  spectra  were  experimentally  performed  using  the  spectra  measured  for 
the  same  surface  of  a  fresh  polycrystalline  Au  film,  and  the  energy  scale  were  connected  at  the  Fermi  level. 

The  source  alloys  for  the  sample  preparation  were  prepared  by  a  standard  melt  quenching  method 
using  mixed  alloys  from  commercial  samples  of  GeSe2  and  Se  with  purity  of  99.999%  each,  in  quartz 
ampoules.  Each  g-GcxSei.x  film  sample  was  prepared  in  situ  by  evaporating  the  source  alloy  onto  a  fresh 
Au  film,  which  was  evaporated  onto  a  metal  substrate.  The  Au  film  is  inactive  against  the  sample.  The 
evaporation  was  performed  in  one  of  the  preparation  chambers  using  a  quartz  furnace  under  a  vacuum  of 
about  1.5  X  10"^  Torr  during  the  evaporation.  The  composition  of  films  with  a  thickness  of  ^3  pm  was 
carefully  determined  by  electron-probe  microanalysis.  They  were  in  all  cases  close  to  the  starting 
composition  within  2-3%. 

For  the  UPS  an  IPES  measurements,  the  thickness  of  films  was  reduced  to  5-10  nm  to  avoid  an 
electrostatic  charging  effect  in  the  IPES  measurements  as  mentioned  in  Sec  11(B).  After  the  UPS  and  IPES 
measurements,  the  UPS  specti’a  for  these  thin  films  were  checked  to  be  fully  consistent  with  those  of  the 
thick  films  in  order  to  determine  the  concentrations.  The  deposition  rate  was  controlled  by  means  of  a 
quartz  thickness  monitor  placed  close  to  the  sample  substrate.  The  typical  deposition  rate  was  20-30 
pm/sec.  We  also  checked  carefully  the  contamination  of  the  samples  during  the  measurements  by 
observing  the  change  of  the  UPS  spectra  repeatedly,  because  the  typical  effect  of  the  contaminants  appears 
in  the  valence-band  DOS. 


al(Q,E),  <f>^  (el.  units) 
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4.  Results 

Fig.  6(a)  and  (b)  show  elastic  scattering  intensities  aI{Q,E)  for  g-Geo.23Seo,77  at  energies  close  to 
the  Ge  and  Se  K  edges,  respectively,  as  a  function  of  Q,  together  with  <J>^.  The  intensities  are  normalized 
to  the  electron  unit  using  the  method  proposed  by  Krogh-Moe  [36]  and  Norman  [37].  As  clearly  seen  in  the 
figures,  distinct  contrast  appears  with  a  small  energy  change  of  the  incident  x-rays  around  the  absorption 
edges.  Especially  in  Fig.  6(a),  the  intensity  increases  at  the  Q  value  of  the  first  maximum  around  20  nm"' 
when  the  incident  x-ray  energy  approaches  to  the  Ge  K  edge,  although  <f>^  decreases.  Such  an  anomaly  is 
also  seen  in  Fig.  6(b)  at  the  prepeak  position  around  10  nm'*  when  the  energy  approaches  to  the  Se  K  edge. 
The  same  trend  is  also  seen  in  g-Geo,i9sSeo,go5- 


Fig.  6.  Normalized  elastic  scattering  intensities  aI{Q,E^  (marks)  for  g-Geo,23Seo,77  at  energies  close 
to  the  (a)  Ge  and  (b)  Se  K  edges  as  a  function  of  Q,  together  with  <f>^  (H>i6s)-  Circles  and  solid 
lines  indicate  the  values  at-200eV  below  the  absorption  edge,  and  crosses  and  dashed  lines  at-15eV. 


The  S{Q)  spectra  can  be  calculated  by  using  Eq.  (3).  Fig.  7(a)  shows  the  concentration 
dependence  of  ^(0  measured  at  the  incident  x-ray  energy  of  10903  eV  (200eV  below  the  Ge  K  edge) 
aXx  =  0.23  (crosses),  0.195  (triangles),  and  0.185  (circles).  For  clarity,  the  spectra  are  shifted  against 
one  another  by  0.2.  In  the  large  Q  range  beyond  40  nm"',  they  are  extremely  similer.  On  the  other 
hand,  the  magnitudes  of  the  first  and  second  peaks  at  Q  =  20.5  and  35.2  nm’’,  respectively,  slightly 
decrease  with  decreasing  x,  while  their  Q  positions  remain  unchanged.  The  prepeaks  in  the  *S'(0s  are 
shown  in  Fig.  7(b)  on  an  enlarged  scale,  along  with  the  previous  results  atx  =  0.25  (dashed  line)  and 
0.167  (solid  line)  [15].  It  can  be  clearly  seen  in  the  figure  that  a  decrease  in  the  Ge  concentration  x 
leads  to  a  rapid  decrease  of  the  intensity  of  prepeak,  and  its  position  considerably  shifts  to  higher  Q 
values. 


Q  (nm'^)  Q  (nm'^) 


Fig.  7.  (a)  Concentration  dependence  of  S(Q)  measured  at  E  =  10903  eV  (200  eV  below  the 
Ge  K  edge)  and  at  x  =  0.23  (crosses),  0.195  (triangles),  and  0.185  (circles).  For  clarify,  the 
spectra  are  shifted  against  one  another  by  0.2.  (b)  S(Q)s  around  the  prepeak  position  on  an 
enlarged  scale,  along  with  the  previous  results  [15]  at  x  =  0.25  (dashed  line)  and  0.167 

(solid  line). 

Fig,  8  shows  AiS(Q)s  for  g-Geo.195Seo.805  close  to  the  Ge  (crosses)  and  Se  (circles)  K  edges.  For 
comparison,  S(Q)  measured  at  10903  eV  is  also  displayed  as  a  solid  line.  The  shape  of  AceSiQ)  is  very 
different  from  that  of  5(0,  Le.,  it  has  a  much  larger  prepeak  at  0  =  11  nm‘^  in  comparison  to  5(0.  It 
shows  a  large  minimum  with  negative  sign  at  the  first  peak  position  in  5(0  at  ^  =  20.5  nm  \  The  second 
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peak  in  S{Q)  at  g  =  35.2  nm’  disappears  in  A',cS{Q).  On  the  other  hand,  4*5(0  has  almost  no  signal  at 
the  prepeak  position,  while  it  is  very  similar  to  5(0  beyond  the  Q  position  of  the  first  peak  {Q  >  20  nm’’). 
Closely  similar  results  were  obtained  for  g-Geo,23Seo.77  as  seen  in  Fig.  9. 


Q  (nm’’) 


Fig.  8.  45(0s  for  g-Geo,i95Seo.805  close  to  the  Ge  (crosses)  and  Se  (circles)  K  edges  together 
with  5(0  (solid  line)  measured  at  £  =  10903  eV  (200  eV  below  the  Ge  K  edge).  Dotted  lines 
indicate  spectra  calculated  from  5^08  forg-GeSea  measured  by  Petri  et  al.  [39].  See  text  for 

detail. 


Q  (nm*’) 


Fig.  9.  45(0s  and  5(0  for  g-Geo  23860,77-  Explanations  are  the  same  as  in  Fig.  8. 

Fig.  10  shows  a  series  of  valence-band  UPS  and  conduction-band  IPES  spectra  on  g-GexSei.x 
with  X  from  0  to  0.33.  Intensities  of  the  UPS  spectra  are  normalized  at  -2.7  eV,  and  those  of  the  IPES 
spectra  at  3.1  eV  (x  =  0,  0.10,  0.15,  and  0.18)  and  2.4  eV  (x  =  0.20,  0.25,  and  0.33).  Vertical  bars 
indicate  the  positions  of  the  peaks.  Energies  are  referred  to  the  Fermi  level. 
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Fig.  10.  A  series  of  valence-band  UPS  and  conduction-band  IPES  spectra  on  g-GCxSe^x  with  x 
from  0  to  0.33.  Intensities  of  the  UPS  spectra  are  normalized  at  -2.7  eV,  and  those  of  the  IPES 
spectraat  3.1  eV  (x  =  0,  0.10,  0.15,  and  0.18)  and  2.4  eV  (x  =  0.20,  0.25,  and  0.33).  Vertical 
bars  indicate  the  positions  of  the  peaks.  Energies  are  referred  to  the  Fermi  level. 

The  UPS  spectra  for  g-St  (x  =  0)  show  distinct  structures  at  -2.7,  -5.4,  and  -6.4  eV,  which  are 
in  good  agreement  with  previous  data  [20]  although  in  this  case  the  samples  were  much  thicker.  The 
IPES  specfra  have  also  clear  structures  at  3.1  and  7.4  eV  in  good  agreement  with  our  previous 
measurements  [23].  With  increasing  the  Ge  concentration  from  x  =  0  to  0.18,  the  UPS  and  IPES 
spectra  do  not  show  any  noticeable  change  in  the  spectral  shape  and  the  energy  positions  of  peaks. 
With  a  further  increase  of  the  Ge  concentration  x  by  only  2%,  however,  the  IPES  spectra  drastically 
change  to  another  shape  with  mainly  three  peaks;  a  sharp  peak  at  2.4  eV,  a  relatively  broad  peak  at  4.9 
eV,  and  a  highly  damped  peak  at  8.4  eV.  In  addition  in  the  UPS  spectrum  at  jc  =  0.20,  a  slight  bluiTing 
of  the  peaks  at  -6.4  and  -5.4  eV  occurs,  and  at  the  same  time  new  peaks  around  -6.0  and  -4.3  eV  can 
be  recognized.  For  the  further  increase  of  x,  features  of  the  UPS  and  IPES  spectra  reach  those  of  g- 
GeSe2.  The  UPS  spectrum  for  g-GeSe2  is  in  good  agreement  with  previous  data  [17,18,19],  and  the 
IPES  spectrum  coincides  well  with  our  previous  measurement  [38]. 


5.  Discussion 

As  mentioned  before,  it  can  be  seen  in  Fig.  7(b)  that  a  decrease  of  the  Ge  concentration  x 
leads  to  a  rapid  decrease  of  the  prepeak  intensity  in  5^(0,  and  its  position  considerable  shifts  to  higher 
Q  values.  Fig.  1 1  shows  the  Q  position  of  the  prepeak,  0,  and  the  intensity,  *S(0),  as  a  function  of  jc. 
Since  the  iS'(0  at  ;c  =  0.167  shows  no  longer  a  peak  but  a  shoulder  in  the  range  of  interest,  a  two- 
Gaussian  fit  was  applied  to  obtain  the  0  and  5'(0).  With  decreasing  x  from  x  =  0.25  to  0.195,  0 
increases  linearly.  With  the  further  decrease  of  jc,  0  increases  much  more  rapidly  (or  shows  a  jump) 
between  x  —  0.195  and  0.185.  At  the  same  time,  there  is  a  noticable  decrease  of  S(Qp)  in  this 
concentration  range.  For  the  further  discussion  of  the  prepeak  or  the  IRO  in  this  concentration  range, 
it  is  essential  to  clarify  the  origin  of  the  prepeak. 
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Fig.  1 1 .  The  Q  position  of  the  prepeak,  Qp,  and  the  intensity,  S{Qp),  as  a  function  of 

the  Ge  concentration  x. 

It  can  be  seen  at  a  glance  from  Figs.  8  and  9  that  the  height  of  the  prepeak  is  much  larger  in 
AicSiQ)  than  in  S{Q),  whereas  there  is  no  characteristic  feature  seen  in  AscSiQ).  As  already  pointed 
out  in  Sec  III  (see  Fig.  2),  the  Ge-related  IFyS  in  Aoe^iQ)  are  much  larger  than  those  in  S(Q),  while 
W’oeOc  in  AstS(Q)  is  negligibly  small.  Thus  it  appears  highly  plausible  to  speculate  that  the  prepeak 
originates  from  the  Ge-Ge  correlation  in  g-GCxSei.*  in  the  concentration  range  near:>c  =  0.20. 

The  same  conclusion  was  recently  reached  by  Petri  et  al.  [39]  for  g-GeSej  from  an  analysis  of 
neutron  scattering  experiments  with  isotope  enriched  samples.  They  observed  a  prepeak  in  the 
experimentally  determined  SacadQ),  which  has  almost  the  same  height  as  of  the  first  peak.  On  the 
other  hand,  almost  no  characteristic  features  were  visible  in  SceSeiQ)  and  SsesdQ)  at  the  prepeak 
position.  In  addition,  they  observed  a  large  minimum  in  SoeSeiQ)  with  negative  sign  at  the  first  peak 
position  in  S{Q). 

For  comparison,  we  calculated  modeled’"'  spectra  from  the  Sij{Q)  data  of  Petri  et  al.  [39] 
employing  the  W,jS  for  g-Geo  iosSeo  gos  and  Geo  23Seo.77-  The  dotted  lines  in  Figs.  8  and  9  indicate  the 
calculated  spectra  for  g-Geo.issSeo.gos  and  Geo23Seo.77,  respectively.  Surprisingly,  the  obtained  spectra 
show  features  similar  to  our  experimental  AiS(Q)  and  S(Q)  data.  However,  quantitatively  there  are 
large  deviations  from  our  experimental  data  in  the  Q  ranges  of  the  prepeak  and  the  first  peak.  The 
height  of  the  prepeak  in  each  of  our  AaeS(Q)  spectrum  is  much  larger  than  that  in  the  “moder 
spectrum  (see  dotted  line).  The  same  is  also  true  for  S{Q).  This  is  consistent  with  the  speculation  that 
the  prepeak  in  SaeOeiO)  in  this  concentration  region  is  much  larger  in  height  than  that  for  GeSe2. 

For  obtaining  the  local  structural  information  (not  only  for  confirming  the  above  speculation) 
requested  in  this  concentration  range,  it  is,  needless  to  say,  crucial  to  directly  obtain  iS'y(0s  from  our 
AXS  data.  As  seen  in  Figs  8  and  9,  however,  the  obtained  45(0s  slightly  lean  to  the  left,  although 
the  S(Q)  data  do  not.  Such  slight  slopes  unfortunately  produce  a  considerable  error  in  Sij(Q)s.  This 
trend  was  also  found  in  the  previous  AXS  results  by  Armand  et  al.  [15].  It  prevents  us  from  reaching 
the  final  goal  of  structural  studies  using  the  AXS  technique.  It  can  be  pointed  out  that /’  and/or/” 
seem  to  have  small  ^dependencies. 

For  this  reason,  the  analysis  of  the  prepeak  was  performed  under  a  very  rough  assumption  that 
near  the  prepeak  position  the  Se  related  S,j{Q)^,  i.e.,  SoeSciQ)  and  SscSe(Q),  in  our  concentration  range 
are  identical  to  those  of  g-GeSe2  obtained  by  Petri  et  al.  [39],  and  that  only  SaeOeiO)  can  vary  with  x. 
The  analysis  was  carried  out  using  the  S(Q)  data  at  x  =  0.185,  0.195,  and  0.23.  Fig.  12  shows  the 
estimated  SofGuiQ)^  (solid  lines)  near  the  prepeak  position  along  with  that  of  g-GeSe2  (dashed  line) 
obtained  by  Petri  et  al.  [39].  As  mentioned  above,  the  prepeaks  at  ;c  =  0.23  and  0. 1 95  (almost  the  same 
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as  each  other)  are  more  than  twice  larger  in  height  than  that  at  jc  ==  0.333.  One  can  also  see  a  rapid 
decrease  of  the  prepeak  height  at  x  =  0. 1 85  by  only  1  %  further  decrease  of  x.  Based  on  these  structural 
results  on  the  prepeak  or  the  IRO  around  the  stiffness  threshold  composition,  a  further  discussion  is 
given  later  in  combination  with  the  results  of  the  electronic  structures. 


Q  (nm‘^) 

Fig.  12.  Estimated  SceGeiO)^  (solid  lines)  near  the  prepeak  position  along  with  that  of 
g-GeSe2  (dashed  line)  obtained  by  Petri  et  al  [39].  See  text  for  details. 

In  Figs.  8  and  9,  the  heights  of  the  first  peaks  in  our  AseS{Q)  and  S{Q)  spectra  are  much  smaller 
than  that  of  the  calculated  spectra  (dotted  lines),  and  the  dips  found  in  AceSiQ)  of  the  present  work  are 
much  deeper.  Since  SceSeiO)  dominates  AGeS{Q\  and  the  heights  of  the  first  peaks  in  AseS(Q)  and  S(Q)  are 
determined  by  compensating  a  large  maximum  in  SseSeiQ)  for  a  large  minimum  in  SoeSeiQ),  one  expects 
that  SoeSeiQ)^  for  x  =  0.195  and  0.23  have  much  deeper  minima  at  the  first  peak  position  than  that  for  g- 
GeSe2.  Although  AiS(Q)s  could  only  be  measured  along  limited  Q  ranges,  it  is  instructive  to  perform 
Fourier  transformations  to  obtain  differential  pair  distribution  functions  Aig(r)  in  order  to  examine  the  SRO 
around  each  constituent  element.  Fig.  13(a)  and  (b)  show  Aig(r)s  of  g-Geo.195Seo.805  and  Geo.23Seo.77, 
respectively.  Dashed  and  solid  lines  indicate  Aig(r)s  near  the  Ge  and  Se  K  edges,  respectively.  The  first 
nearest  neighbour  distances  around  both  Ge  and  Se  are  found  to  be  0.236  ±  0.002  nm  in  each 
concentration,  which  coincides  with  the  previous  scattering-  [4,13,14]  and  XAFS  [10-12]  results  within  the 
experimental  error. 


Fig.  13.  4^(05  of  (a)  g-Geo.195Seo.805  and  (b)  Geo.23Seo.77  together  with  g(r).  Solid  lines 
indicate  Ag(r)s,  and  dashed  lines  g(r)s. 
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This  result  supports  the  model  that  the  glasses  in  this  concentration  range  have  an  SRO  similar  to 
the  GeSe2  crystal.  As  mentioned  in  the  last  section  (see  Fig.  10),  the  spectral  shapes  of  both  the  valence- 
band  UPS  and  the  conduction-band  IPES  spectra  remarkably  change  around  the  stiffness  threshold 
composition  x  =  0.20  from  g-GeSe2-likc  to  ^-Se-like.  They  have  characteristic  peaks  of  their  own  in  the 
spectra. 

The  character  of  peaks  in  the  UPS  spectra  can  be  assigned  using  PES  data  with  different 
energies  of  incident  light,  because  the  excitation  cross-section  is  depend  on  the  quantum  number  of 
the  orbital  angular  momentum.  The  peak  positions  of  the  UPS  spectra  and  their  electronic  states  for  g- 
GeSe2  and  g-Se  are  tabulated  in  Table  2.  In  g-GeSe2,  the  top  of  the  valence  bands  at  -2.7  eV  is  formed 
by  a  lone-pair  (LP)  band  of  the  Se  4p  states.  It  is  followed  by  two  Ge  4p-Se  4p  bonding  (a)  states  at- 
4.3  and  -6.0  eV.  When  using  a  higher  energy  of  incident  light,  one  can  also  observe  a  Ge  4s-Se  4p 
bonding  (a)  band  around  -9  eV  and  an  Se  4s  state  around  -14  eV  [19].  In  g-Se,  the  top  of  the  valence 
bands  is  also  formed  by  the  Se  LP  state  at  -2.7  eV.  Beneath  it,  two  Se  4p  bonding  (a)  states  are 
located  at  -5.4  and  -6.4  eV.  The  Se  4s  states  are  located  around  -12 — 15  eV  [20]. 

Table  2.  Energy  positions  of  peak  structures  in  the  UPS  and  IPES  specfra  on  g-GeSe2  and 
g-  Se.  These  peaks  are  assigned  to  electi'onic  states  contributed  predominantly. 


Energy  (eV)  Electronic  states 

g-GeSe2  -6.0  1 

-5.4  J 

-2.7 

2.4 
4.9 

8.4 


-6.4 

1 

}  (T  [Se  4p] 

-5.4 

j 

-2.7 

lone  pair  [Se  4p] 

3.1 

a*  [Se  4p] 

7.4 

Se  4d  and/or  5s 

CT  [Ge  sp^  (4p-rich)  -  Se  4p] 

lone  pair  [Se  4p  ] 

(j*  [Ge  sp^  (4s-rich)  -  Se  4p] 

CT*  [Ge  sp^  (4p-rich)  -  Se  4p] 

Ge  4d  and/or  5s,  Se  4d  and/or  5s 


The  electronic  state  assignment  can  also  be  carried  out  for  peaks  in  IPES  spectra  by 
comparing  them  with  core-absorption  spectra,  which  are  affected  by  the  selection  rule  of  excitations 
from  the  core-level  (s,  p,  or  d)  to  the  conduction  band.  The  peak  positions  of  the  IPES  spectra  and 
their  electronic  character  for  ^-GeSe2  and  g-Se  are  also  tabulated  in  Table  2.  In  g-GeSe2  [38],  the 
bottom  of  conduction  bands  at  2.4  eV  is  formed  by  an  antibonding  (a*)  band  with  the  Ge  sp^  (4s-rich) 
-  Se  4p  hybridized  states.  It  is  followed  by  an  antibonding  (a*)  band  with  the  Ge  sp^  (4p-rich)  -  Se  4p 
hybridized  states  at  4.9  eV,  and  the  4d  and  /or  5s  states  of  both  Ge  and  Se  at  8.4  eV.  In  g-Se  [23],  the 
bottom  of  the  conduction  bands  at  3.1  eV  is  fonned  by  an  antibonding  (a*)  band  with  the  Se  4p  states. 
It  is  followed  by  the  Se  4d  and  /or  5s  states  at  7.4  eV. 

Noteworthy  questions  are  why  the  electronic  structure  of  g-Ge^Sei-x  does  not  vary  gradually 
from  g-GeSe2-like  to  g-Se-like  with  x,  but  shows  a  sudden  (transition-like)  change  around  the  stiffness 
threshold  composition  x  =  0.20,  and  why  the  prepeak  in  5(3eGe(0  or  the  IRO  of  the  Ge-Ge  correlation 
enhances  at  this  composition.  In  order  to  solve  these  questions,  it  seems  worthwhile  to  recall  an  old 
idea  by  Feltz  et  al.  [40].  They  examined  the  concentration  dependence  of  several  physical  properties 
of  g-GcxSej.x,  such  as  dielectric  constant,  molar  volume,  glass  transition  temperature,  and  thermal 
expansion  coefficient.  As  a  result,  they  came  to  the  conclusion  that  GeSe4  (x  =  0.20)  is  a  new  non- 
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ctystalline  compound  which  exists  in  the  liquid  or  glassy  state,  and  there,  Ge(Sei/2)4  units  should  be 
predominantly  linked  by  Se-Se  bridges. 

Based  on  this  concept,  one  can  try  to  explain  our  experimental  results.  At  x  =  0.33,  Ge(Se]/2)4 
tetrahedra  are  linked  to  each  other  by  their  edge-  or  comer-sharing,  i.e.,  the  Ge-Ge  correlation  is 
always  (Sei/2)3Ge-Se-Ge(Sei/2)3.  With  decreasing  x  from  0.33  to  0.20,  successive  structural  changes 
occur  from  the  direct  connection  at  x  =  0.33  to  two-Se-linked  tetrahedra  at  x  =  0.20,  i.e.,  (Sei/2)3Ge- 
Se-Se-Ge(Sei/2)3  all  over  the  material.  The  Ge-Ge  correlation  in  g-Geo.2oSeo  8o  still  exists  by  forming 
these  connections  because  the  correlation-length  of  this  new  connection  is  well  defined.  The 
correlation  is  even  stronger  than  in  g-GeSe2  due  to  the  relaxed  formation  of  the  connections.  The 
gradual  movements  of  the  prepeak  would  be  caused  by  these  reconnections  of  the  Ge(Sei/2)4 
tetrahedra.  With  further  decrease  of  x,  the  tetrahedra  become  isolated  and  are  connected  by  short 
chains,  i.e.,  (Sei/2)3Ge-Se-Se-Se-Ge(Sei/2)3  as  the  shortest  case.  Due  to  the  flexible  conformation  of 
this  connection,  the  Ge-Ge  correlation  length  of  this  connection  is  no  longer  well  defined,  and  the 
prepeak  starts  to  disappear  with  x.  It  seems  to  be  much  more  difficult  to  explain  the  concentration 
change  of  the  electronic  structure  using  this  simple  atomic  structure  model.  This  is  because  this 
requires  the  additional  constraints  that  the  electronic  structure  of  the  (Sei/2)3Ge-Se-Se-Ge(Seiy2)3 
conformation  at  x  =  0.20  should  be  very  similar  to  that  of  (Sei/2)3Ge-Se-Ge(Se)/2)3  in  g-GeSe2,  and 
that  of  (Sei/2)3Ge-Se-Se-Se-Ge(Sei/2)3  at  x  <  0.20  should  be  identical  to  that  of  Se  chains.  Molecular 
orbital  band  calculation  would  be  useful  to  estimate  the  energy  positions  of  the  corresponding 
bonding-,  lone-pair-,  and  antibonding  states  in  the  above  small  fragments.  For  this,  however,  precise 
structural  determinations  for  several  concentrations  near  the  stiffness  threshold  composition,  i.e.,  the 
information  of  iS'y(0s,  is  essential.  Further  AXS  investigations  are  now  in  progress. 

6.  Conclusion 

Anomalous  x-ray  scattering  experiments  on  glassy  GexSei.*  were  carried  out  at  energies  close 
to  the  Ge  and  Se  K  edges  at  both  the  onset  and  completion  concentrations  of  the  rigidity  percolation 
threshold.  The  total  structure  factors  S{Q)  show  rapid  changes  in  both  the  position  and  intensity  of  the 
prepeak  around  10  nm’’,  while  remain  almost  unchanged  in  the  other  Q  ranges.  The  differential 
structure  factors  45'(0  obtained  have  characteristic  features  of  their  own,  which  suggest  that  the 
prepeak  originates  from  only  the  Ge-Ge  concentration.  The  origin  of  the  prepeak  was  discussed  in  the 
sight  of  the  concentration  dependence  of  the  spectra  and  a  comparison  with  the  partial  structure 
factors  on  glassy  GeSea  obtained  by  Petri  et  al.  [39]. 

Valence-  and  conduction-band  electronic  density  of  states  were  investigated  on  glassy  GcxSei. 
X  (0  <  X  <  0.33)  by  measuring  ultraviolet  photoemission  and  inverse-photoemission  spectra.  They 
exhibit  a  distinct  change  in  their  spectral  features  near  x  =  0.20. 

These  observations  in  both  the  atomic  and  electronic  structures  are  consistent  with  an 
occurrence  of  percolation  threshold  in  non-crystalline  covalent  network  systems  predicted  by  Phillips 
and  Thorpe.  The  threshold  is  characterized  by  the  percolation  of  a  specific  Ge(Sei/2)4  molecular  unit 
spread  over  the  network. 
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1.  Introduction 

Previous  investigations  have  been  revealed  that  electrical  and  optical  properties  of  doped 
chalcogenide  glassy  semiconductors  (CGS)  may  be  interpreted  in  the  frame  of  model  which  considers 
a  doped  CGS  as  a  medium  consists  of  small  clusters  which  are  constructed  from  atoms  with  a  first 
coordination  mean  number  z  more  than  this  one  (zo)  in  the  low-coordinated  CGS  [1-3].  In  AszSej 
films  doped  with  Bi  and  prepared  by  thermal  sputtering  technique  the  clusters  have  been  observed  in 
optical  microscope.  They  have  Bi2Se3  composition  and  size  L  which  is  equal  or  less  than  100  nm  [3]. 
In  AsaSes  films  prepared  and  doped  with  Ni  by  modification  technique  the  clusters  have  not  been 
observed  by  direct  methods  but  all  electrical  and  optical  data  evidenced  that  its  L  is  equal  or  less  than 
5  nm.  The  real  composition  of  clusters  in  this  case  is  unknown.  The  clusters  of  the  same  size  L«5  nm 
in  synthesized  samples  of  Ge-(S,  Se)  systems  doped  with  Bi  have  been  observed  in  electronic 

microscope  [4].  ..  a?  ■ 

According  to  the  paper  [1]  the  appearance  of  clusters  with  z>zo  very  important  for  effective 
doping  process.  It  is  known  that  CGS  have  soft,  labile  atomic  structure  with  a  great  number  lone-pair 
(LP)  electrons  of  chalcogenide  atoms,  which  do  not  take  part  in  a  net  of  CGS  covalent  bonds.  These 
facts  together  with  a  disorder  provide  a  fulfillment  of  famous  8-N  rule  and  inefficiency  of  CGS 
doping.  More  rigid  atomic  structure  of  clusters  prevents  a  fulfillment  of  8-N  rule  and  allows  to  exist 
donor-  and  acceptor-like  electronic  impurity  states  inside  the  clusters.  Then  "official"  doping 
elements  (Bi  and  Ni  in  our  cases)  together  with  CGS  atoms  (As  and  Se)  play  role  of  the  main 
constituent  atoms  of  clusters.  Therefore  the  real  chemical  nature  of  donor-  or  acceptor-like  electronic 
impurity  states  must  be  determined  in  each  individual  case  and  may  not  coincides  with  the  "official" 

doping  elements.  .  ,  ,  j  • 

This  approach  allows  us  to  consider  these  doped  CGS  as  nanostructured  chalcogenides  in 
which  an  efficiency  of  doping  process  depends  on  appearance  of  nano-clusters. 

The  second  result  of  doping  treatment  is  creation  of  intrinsic  defects  of  CGS  (negative-U 
centers).  Experimental  facts  have  evidenced,  that  concentrations  of  intrinsic  defects  D  and  electronic 
impurity  states  N  are  very  close  to  each  other  [2,3,5].  This  phenomenon  may  be  considered^  as  self¬ 
compensation  process.  Then  one  can  see  that  a  strong  interaction  of  negative-U  centers  and  impurity 
centers  takes  place.  This  interaction  has  both  statistical  (or  thermodynamically)  and  direct  quantum- 
mechanical  character.  The  main  result  of  the  statistical  interaction  is  so-called  self-compensation 
processes,  which  happen  in  time  of  doping  treatment.  Due  to  self-compensation  processes  a 
concentration  of  negative-U  centers  D  is  approximately  equal  to  concentration  of  electrically  active 
impurity  centers  N.  The  direct  quantum-mechanical  interaction  has  a  result  in  a  correlation  between 

energies  of  negative-U  centers  and  impurity  states. 

The  first  part  of  the  present  paper  is  devoted  to  consideration  of  physical  properties  of  doped 
chalcogenide  glassy  semiconductors  which  are  governed  by  different  relationship  between  D  and  N 

(D>NorNSD). 
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First  of  all  it  will  be  discussed  how  relationship  between  D  and  N  manifests  in  theoretical 
temperature  dependence  of  direct  current  conductivity.  Then  we  will  discuss  the  experimental 
temperature  dependence  of  direct  current  conductivity  in  CGS  doped  with  transitional  metals  and 
temperature  dependence  of  drift  mobility  in  CGS  doped  with  halogens. 

The  last  part  of  the  paper  concerns  with  the  case  when  concentration  of  negative-U  centers  is 
enough  to  create  band-like  states.  Possible  superconductivity  of  this  system  is 

considered  theoretically.  The  experimental  data  on  mixture  of  doped  selenium  with  micro-ciystalline 
particles  of  high  temperature  superconductors  is  discussed. 

2.  The  self-compensation  processes 

2.1  Direct  current  measurement  data 

In  the  our  paper  [5]  a  compensation  coefficient  k  =  D/N  has  been  estimated  for  As2Se3  doped 
with  Ni  using  direct  current  measurement  data.  We  were  surprised  by  values  of  k  which  were  very 
close  to  unity:  l-k=10’^-10'\  The  similar  results  may  be  obtained  for  AsjSca  doped  with  Bi  from  data 
[3]:  l-k=10' -lO"'.  From  our  point  of  view  this  means  that  there  is  a  strong  correlation  between 
localization  of  impurity  and  defect  states. 


Fig.  1.  Schematically  representation  of  doped  As2Se3  with  Bi  (a)  and  Ni  (b)  in  the 
microgeterogenity  doping  model  [1],  Area  1  -  Bi2Se3  on  figure  (a)  and  area  enriched 
with  Ni  on  figure  (b).  Area  2  -  As2Se3  with  a  little  amount  of  doped  impurities. 


For  example  one  can  imagines  the  correlated  situation  which  is  depicted  in  the  Fig  1.  The 
cases  la  and  lb  schematically  present  the  As2Se3(Bi)  and  As2Se3(Ni)  correspondingly.  In  the  first  case 
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L  is  great  enough  to  allow  appearance  several  acceptors  inside  the  clusters.  According  to  [3]  energy 
level  of  acceptor  Ea,  which  exists  in  Bi2Se3  clusters  is  approximately  equal  0.25  eV.  Then  radius  of 
electronic  state  "a”  equals  ~  5-10  A  for  effective  mass  m*=(l-0.25)m.  We  do  not  know  the  real 
microscopic  reason  of  simultaneously  appearance  of  impurity  and  defect  states  but  one  can  suppose 
that  vacancy  of  Se  or  extra  Se  atom  in  Bi2Se3  clusters  may  be  introduced  from  CGS  matrix.  The 
process  of  atoms  exchanging  may  be  more  effective  in  the  nearest  vicinity  of  nano-cluster  boundary. 
In  the  As2Se3(Ni)  case,  if  we  suppose,  that  ’’a"  equals  ~  5-10  A  also,  then  approximately  only  one 
electronic  impurity  state  may  be  put  into  the  cluster. 

Data  for  As2Se3(Bi)  have  evidenced  that  fresh  films  correspond  to  case  N»D.  For  this  case 
according  the  paper  [6]  direct  current  conductivity  may  be  written  as 

a  =  CToexp(-(8i  +  62  +  Ea)/3kT)  (1) 

where  Ei  and  82  are  ionization  energies  of  first  and  second  holes  from  negative-U  center.  The 
formulae  (1)  means  that  Fermi  energy  (Ep)  lies  at  the  (ej  +  82  +  Ea)/3  distance  from  valence  band  edge 
Ey.  This  value  is  a  mean  energy  of  thermal  ionization  of  each  of  three  holes  involved  in  the  processes, 
which  have  determined  the  Ep  position.  After  thermal  annealing  of  As2Se3(Bi)  films  temperature 
dependence  of  conductivity  became 


a  =  aoexp(-Ea/kT) 


(2) 


which  takes  place  for  N>D  case. 


Fig.  2.  Energy  band  diagram  of  As2Se3Bio,i  near  Bi2Se3  cluster.  All  energies  in  eV .  Ep  and  Ep 
are  Fermi  energies  before  and  after  annealing. 

For  the  estimations  we  take  the  case  of  As2Se3(Bi)o.i  [3].  Energy  of  optical  gap  Eg  and  energy 
activation  of  conductivity  AE  in  glassy  Bi2Se3  films  is  equal  to  1.0  eV  and  0.25  eV  correspondingly. 
The  latter  coincides  with  energy  activation  of  conductivity  for  thermal  annealed  films.  This  is  the 
reason,  why  we  consider,  that  Ep  in  the  both  cases  coincides  with  Ea=0.25  eV,  put  this  value  in  the 
(2)  and  reconstruct  the  band  energy  diagram  depicted  on  Fig.  2.  Before  annealing  the  ener^ 
activation  of  conductivity  is  equal  to  0.6  eV,  i.e.  initial  position  of  Fermi  level  (Ep)  is  situated  as  it  is 
shown  in  Fig.  2.  Then  one  can  obtain  from  relation  0.6  =  (6]  +  82  +  0.25)/3  that  mean  energy 
ionization  of  negative-U  centers  per  one  hole  8  =  (ej  +  zi)!!  =  0.78  eV.  This  value  is  very  close  to  half 
of  the  energy  of  optical  gap  Eg/2=0.80  eV  measured  for  As2Se3(Bi)o.i  and  so  one  can  conclude  that 
negative-U  centers  belong  to  matrix  outside  the  clusters.  In  the  paper  [3]  it  has  been  shown  that  at  the 
annealing  temperature  130  C  the  changing  of  acceptor  concentration  N  occurs  in  a-Bi2Se3  films.  So  far 
as  at  the  same  annealing  temperature  the  changing  from  dependence  (1)  to  dependence  (2)  occurs,  we 
consider  that  changing  of  acceptor  concentration  N  is  the  reason  of  this.  Thus  the  present  estimation 
corroborates  the  model  depicted  on  Fig.  la.  One  has  not  any  conelation  between  the  position  of 
acceptor  level  E^  and  ionization  energies  of  negative-U  centers  and  it  may  be  concluded  that  space 
distance  between  impurity  and  negative-U  centers  is  more  than  several  tens  of  angstrom  and 
overlapping  between  its  wave  functions  is  absent. 
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Another  situation  takes  place  for  As2Se3(Ni)  films.  Detail  analysis,  which  has  been  undertaken, 
in  the  papers  [7,8]  shows,  that  different  temperature  dependencies  of  a,  obtained  by  different  groups 
of  scientists,  for  approximately  the  same  doping  level,  correspond  to  N>D  (results  of  papers  [9,10]) 
and  to  N<D  (results  of  paper  [11])  cases.  Comparison  of  these  two  sets  of  experimental  results  has 
allowed  us  to  determine  the  position  of  the  acceptor  level  Ea  and  ionization  energies  of  negative-U 
centers.  A  strong  correlation  has  been  revealed,  namely  8  =  (si  +  Zj)!!  =  Ea  for  all  doping  level.  Then 
it  may  be  concluded  that  space  distance  between  impurity  and  negative-U  centers  is  close  to  sum  of  its 
radii,  which  may  be  estimated  as  15-25  angstrom  and  there  is  overlapping  between  its  wave  functions, 
which  is  the  reason  for  correlation  of  positions  of  acceptor  level  Eg  and  mean  ionization  energy  of 
negative-U  centers.  This  conclusion  agrees  with  L  value  for  As2Se3(Ni)  case,  because  one  can  not 
separate  acceptor  more  far  from  nanocluster  boundary  than  radii  of  nanocluster. 

2.2  Drift  mobility  data 

The  method  of  drift  mobility  measurement  is  a  very  informative  for  evaluating  of  defect  and 
impurity  states  concentrations,  because  an  electron  and  hole  drift  mobility  (pc  fth) 
expressed  as 

|ic,h=  (|^)c,v(Nc,v/Dc,h)exp(-AEe,i,./kT)  (3) 

where  (po)c,v  are  the  free  electrons  and  holes  mobility  in  the  conduction  and  valence  bands.  Nc,v  are  the 
effective  concentrations  of  band  states  at  the  conduction  and  valence  Ev  band  edges.  De,h  are  the 
concentrations  of  localized  traps  which  control  the  electron  and  hole  drift  mobility  and  AEe,h  are  the 
absolute  values  of  energy  distance  between  traps  energy  Ee,h  and  Ec,v  for  electrons  and  holes 
correspondingly.  It  is  known  that  in  CGS  mobility  has  been  controlled  by  the  charged  states  and 
D"  of  negative-U  centers,  i.e.  one  can  consider  that  De,h  =  D"^,  D’.  Fig.  3  shows  the  values  of  D  and 

D'  which  we  evaluate  using  (3)  and  experimental  data  on  values  of  the  drift  mobility  are  taken  from 
paper  [12]. 


Fig.  3.Dependence  of  the  concentration  of  negatively  (1)  and  positively  (2)  charged  intrinsic 
defects  in  SegsAss  doped  with  Br  (a)  and  Cl  (b).  Data  on  values  of  the  drift  mobility  for 
concentration  of  Br  and  Cl  impurities  in  the  range  lO”  tolO'^  are  taken  from  [12].  The  dashed 

lines  are  theoretical  dependencies. 

In  this  paper  mobility  has  been  measured  in  Se95As5  films,  doped  with  Br  and  Cl.  There  are 
strong  dependencies  of  and  D'  on  impurity  concentration  and  therefore  one  can  see  the  strong 
pronounced  self-compensation  process.  Electrically  active  atoms  of  halogens  Br  and  Cl  has  negative 
charge,  then  according  to  electro-neutrality  equation  its  promote  increasing  of  the  D''  and  suppress  the 
appearance  of  D'.  We  have  not  any  investigations  of  sample  homogeneity  and  can  not  conclude  would 
the  electrically  active  impurity  centers  belong  to  clusters  or  not. 
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3.  The  possible  superconductivity  in  the  negative-U  centers  system. 

The  pairs  of  electrons  or  holes  which  are  localized  at  the  D'  and  states  of  negative-U  are 
bosons.  If  the  concentration  D  of  negative-U  centers  small,  all  pairs  (bosons)  are  localized. 

But  in  previous  sections  it  has  been  demonstrated,  that  due  to  self-compensation  processes 
doping  treatment  increases  the  D  and,  if  the  D  becomes  large  enough  and  disorder  is  not  large  one  can 
suppose  that  band-like  non-localized  boson  states  may  appear.  The  Bose  condensation  of  non- 
localized  pairs  may  provides  the  superconductivity  property  of  negative-U  centers  set  in  principle. 

In  the  paper  [13]  we  applied  the  theory  [14]  to  the  system  of  negative-U  centers  in  CGS  and 
named  model  as  “negative-U  centers  model  of  superconductivity”  (NUCS-model).  Bose  condensation 
or  superconductivity  transition  temperature  T^  may  be  expressed  as 

To=  W(l-2v)/ln(v''-l)  (4) 

Where  v=n/2D  is  relative  concentration  of  pairs,  n  is  electron  concentration.  W=2ztVU  is  width  of 
pairs  band  for  simple  cubic  lattice  of  negative-U  centers  with  z=6.  Absolute  value  of  effective 
negative  correlation  energy  of  electrons  is  U;  t  is  tunneling  integral 

t  =  toexp(-2r/a)  (5) 

for  electron  transferred  from  one  negative-U  centers  to  another,  which  are  separated  by  distance  r. 
The  expression  (4)  has  been  obtained  for  t«U.  In  this  case  we  have  two  narrow  bands  (Fig.  4,  for 
example  we  consider  a-Se  with  a  large  value  of  D)  for  electron  D‘  and  hole  pairs,  which  are 
separated  by  large  distance  U  . 


Ec 


U 

0.28  eV 

0.14eV 

Ev 


Fig.  4.  Band  energy  diagram  of  a-  Se.  The  vertical  arrows  show  the  thermal  and  optical 
transitions  of  holes  to  the  D~  states  of  the  negative-U  center.  Dark  bands  represent  the  bands 
of  non  -  localized  electron  and  hole  pairs  (D~  and  bands),  whose  Bose  condensation  is 
responsible  for  the  superconductivity. 

For  v<l/2  and  v>l/2  the  electron  and  hole  pairs  superconductivity  takes  place  for  T<  Tc.  It 
has  been  shown  in  [13]  that,  if  electron  (hole)  wave  function  radius  "a"  is  equal  10  A,  the  Tc  of  order 
several  hundred  degrees  may  be  obtained  for  concentration  D  of  order  lO'’  cm'^.  But  this  estimation  is 
valid  for  ordered  cubic  lattice  of  negative-U  centers  only.  For  disorder  lattice  of  negative-U  centers 
the  distance  r  between  negative-U  centers,  which  form  band-like  pairs  states,  may  be  more  than  mean 
distance  (which  is  of  order  D"'^^)  consequently  t  and  Tc  may  be  less. 

This  model  has  been  applied  in  [13]  to  channels,  which  arise  during  an  switching  effect  in 
thin  layer  of  CGS.  Typical  radii  of  channel  or  current  filament  R  equals  to  ~  1  micron.  It  has  been 
supposed  that  in  this  channels  reversible  appearance  of  large  concentration  of  negative-U  centers 
takes  place.  The  appearance  of  (or  C3*  according  to  [15])  occurs  due  to  response  of  active  region 
of  channel  on  pressure  which  arises  during  the  switching  event.  The  large  number  of  €3^  centers  with 
z  =  3,  which  exceeds  the  zo  =  2  for  chalcogenide  atoms  removes  stress  inside  the  channel.  Ordinarily 
the  concentration  D  of  negative-U  centers  in  CGS  is  equal  10**-10**  cm'^.  We  have  to  suppose  the 
increasing  of  D  up  to  10'’-5  lO”  cm"^  in  order  to  explain  the  temperature  of  order  300  K  and  higher. 
We  also  suppose  that  negative-U  centers  model  of  superconductivity  can  explain  the  states  with  a 
resistance  which  was  not  greater  than  instrumental  error  observed  in  low-coordinated  organic 
polymers  [16]. 

It  is  Imown  that  classic  BCS  theory  encounters  serious  difficulties  in  explanation  of  high-  Tc 
superconductivity  in  metal  oxides.  In  our  paper  [17]  it  has  been  shown  that  negative-U  centers  model 
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of  superconductivity  explains  both  the  high  transition  temperature  Tc  and  specific  -  with  a  maximum 
-  dependence  of  Tc  on  chemical  composition  of  samples,  observed  in  many  metal  oxides.  In  the 
contrast  to  the  classic  superconductors,  high  temperature  metal  oxides  superconductors  (HTSC)  have 
a  very  small  correlation  length  ^  ~  10-15  A.  It  means,  that  superconductivity  current  may  be  observed 
if  the  distance  between  micro-crystals  of  superconductors  does  not  exceed  the  value  of  order  In  this 
connection  our  attention  has  been  attracted  by  the  results  of  the  paper  [18].  These  results  have  been 
discussed  in  details  in  the  [19]  at  the  present  conference  and  here  I  would  like  to  emphasize  only 
crucial  facts. 

The  mixture  of  glassy  Se  with  micro-crystalline  pieces  of  HTSC  compound  YiBa2Cu307  with 
Tc«90  K  has  been  investigated  in  [18].  Micro-crystalline  pieces  of  YiBa2Cu307  have  linear  size  about 
several  micrometers,  occupy  approximately  14%  of  whole  volume  then  all  of  them  have  been 
separated  by  a-Se.  At  the  high  temperature  T  >Tc  the  conductivity  of  samples  was  of  order  10'®  Q"' 
cm''.  This  value  strong  differs  from  conductivity  ~10^  '  cm  '  of  YiBa2Cu307  and  shows  that  at  the 
high  temperature  the  conductivity  is  governed  by  doped  a-Se.  It  is  known  that  pure  a-Se  has 
conductivity  of  order  10"'^  Q''  cm'',  which  may  be  increased  by  many  of  orders  by  doping  with 
oxygen. 

The  transition  temperature  Tc  of  the  mixture  was  the  same  as  for  YiBa2Cu307 ,  i.e.  Tc«90  K 
and  superconductivity  current  existences  at  this  temperature  through  the  whole  sample.  But  the  mean 
distance  between  micro-crystalline  pieces  of  Y iBa2Cu307  was  very  large.  It  was  equal  to  several 
micrometers,  i.e.  more  than  10^  times  exceeded  the  correlation  length  In  the  [19]  we  suppose  that 
micro-crystals  of  HTSC  are  connected  by  channels  which  are  similar  to  those  appeared  during  the 
switching  effect  in  CGS.  A  large  number  of  negative-U  centers  may  exist  in  the  channel  due  to  self¬ 
compensation  processes  induced  by  doping  with  oxygen.  Additional  concentration  of  negative-U 
centers  may  be  generated  during  the  switching  effect  in  the  internal  electric  field  or  in  the  weak 
external  electric  field  which  is  used  for  current  observation.  The  superconductivity  in  the  system  of 
negative-U  centers  in  the  channel  may  be  induced  by  superconductivity  phase  transition  in  micro¬ 
crystalline  pieces  of  YiBa2Cu307  which  occupy  two  ends  of  each  channel. 
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Transient  photodarkening  (PD),  which  is  only  observed  during  illumination,  has  been 
discovered  in  some  amorphous  chalcogenides.  During  illumination,  total  changes  in 
absorption  coefficient  are  a  combination  of  transient  and  metastable  part  of  PD.  The  transient 
PD  decays  as  the  illumination  is  switched  off  to  give  the  usually  observed  metastable  PD.  The 
decay  of  the  transient  part,  is  similar  to  the  decay  of  photocurrent  in  a-AsjSe,  suggesting  the 
importance  of  photocarriers  in  inducing  PD.  Although  no  metastable  PD  is  observed  for  a-Se 
at  300  K,  there  exists  transient  PD. 
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1.  Introduction 

Amorphous  chalcogenides  exhibit  remarkable  photo-induced  changes  in  their  physical 
properties  upon  optical  excitations  [1-3].  Two  types  of  metastabilities,  the  defect-related  and 
structure-related,  are  introduced  and  are  evident  from  many  studies.  Presently  amorphous 
chalcogenides  are  attracting  added  attentions,  basically  due  to  these  metastabilities.  Amorphous 
chalcogenides  are  finding  uses  in  fabrication  of  imaging  devices  [2]  and  more  recently  as  fascinating 
opto-mechanical  devices  for  nano-technologies  [3].  The  study  of  photodarkening  (PD),  one  of  the 
main  structure-related  metastability,  in  amorphous  chalcogenides  has  received  renewed  interest 
recently  and  efforts  have  been  made  to  have  a  better  understanding  of  these  changes  (see,  for 
example,  Refs.  [1,  3]  and  [4]).  Recently  some  theoretical  calculations,  based  on  ab-inito  calculations 
and  molecular  dynamics,  have  been  performed  to  understand  these  light-induced  structural  changes  in 
a  microscopic  way  [5,  6]. 

Experimentally,  however,  most  of  the  changes  in  optical  transmission  have  been  studied  after 
the  illumination  is  switched  off.  The  behavior  and  nature  of  the  changes  taking  place  during 
illumination  have  been  less  well  investigated.  Recently,  we  have  studied  the  PD  kinetics  during 
illumination  of  a-As2S3  films,  where  a  laser  beam  was  used  to  illuminate  the  sample  and  the  changes 
in  its  transmission  simultaneously  recorded  [7].  These  measurements  gave  us  new  insights  into  the 
time  evolution  of  changes  in  the  absorption  coefficient,  namely  the  percolative  growth  of  the  photo- 
darkened  sites  explains  the  time  evolution  of  PD. 

In  the  present  paper,  we  report  direct  measurements  of  transient  changes  in  the  absorption 
coefficient  at  50  and  300  K  for  a-AsaSes,  100,  200  and  300  K  for  a-As2S3  and  at  300  K  for  a-Se  films. 
We  have  found  a  significant  transient  change  in  the  PD  observed  during  illumination  for  a-As2Se3  and 
a-AsaSs.  The  transient  part  decays  after  the  illumination  is  turned  off  leaving  only  the  usually 
observed  metastable  change.  This  decay  behavior  is  similar  to  the  decay  of  photocurrent  in  a-AsaSes. 
For  a-Se  a  significant  transient  PD  is  observed  at  room  temperature  that  vanishes  as  soon  as  the 
illumination  is  switched  off  and  no  metastable  PD  is  observed. 

2.  Experimental 

Thin  films  of  amorphous  As2Se3  (a-As2Se3),  amorphous  AS2S3  (a-As2S3)  and  amorphous  Se 
(a-Se)  thickness,  d~500  nm,  were  deposited  onto  glass  (Corning  7059)  substrates  by  thermal 
evaporation  in  a  vacuum  of  -1x10'®  Torr.  The  films  were  annealed  below  the  respective  glass 
transition  temperature  (Tg)  for  2  h  for  the  case  of  a-As2Se3  and  a-As2S3  and  kept  in  vacuum  for  24  h  at 
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room  temperature  for  a-Se  before  being  placed  in  an  evacuated  cryostat  for  the  measurement  of 
optical  transmission.  Two  laser  beams  were  used;  an  Ar  ion  laser  (hv  —  2.41  eV, 
power  =  80  mW/cm^  and  linear  spot  size  5mm)  was  used  as  the  illuminating  light  and  a  He-Ne  laser 
(hv  =  1.95  eV,  power  <  0.1  mW/cm^  and  linear  spot  size  «  0.5  mm)  was  used  as  the  probe  light.  The 
beams  were  directed  such  that  they  crossed  each  other  at  the  sample.  The  transmitted  signal  of  the  He- 
Ne  probe  laser  beam  was  detected  with  a  photo-diode  and  the  changes  in  the  transmitted  light  were 
measured  as  a  function  of  time.  Suitable  filters  were  used  so  as  not  to  allow  the  photo-diode  to  be 
subjected  to  any  interference  from  the  illumination  provided  by  the  Ar  ion  laser.  The  schematic 
diagram  of  this  two-beam  experimental  set  up  is  shown  in  Fig.  1 . 


Mirror 


Fig.  1 .  Schematic  illustration  of  the  two  beam  experimental  set  up  to  study  ti*ansient 

and  metastable  PD. 

The  changes  in  the  absorption  coefficient,  Aa,  are  calculated  from  ha  =  (- 

where  d  is  the  film  thickness  and  T/Tq  is  the  ratio  of  the  measured  transmission  signals  of  the  He-Ne 
laser  during  and  on  putting  on  the  illumination. 

3.  Results 

Fig.s  2  and  3  show  the  time  evolution  of  the  changes  in  the  absorption  coefficient,  Aa,  at 
1.95  eV  during  various  cycles  of  Ar  laser  illumination  at  50  and  300  K  for  a-AsaSea  and  at  300  K  for 
a-Se,  respectively.  A  similar  type  of  behavior,  as  for  a-As2Se3,  is  also  observed  for  a-AsaSj  but  we  will 
discuss  the  results  of  a-As2Se3  considering  it  to  be  a  representative  material.  First  we  give  the  results 
of  changes  in  Aa  in  a-As2Se3  films.  For  a-As2Se3  films,  Aa  increases  rapidly  at  first  at  both 
temperatures  before  reaching  close  to  saturation  after  some  time.  The  magnitude  of  changes  is  larger 
at  50  K  as  compared  to  300  K,  which  is  consistent  with  the  earlier  results  on  amorphous 
chalcogenides  (a-As2S3)  [9].  When  the  Ar-laser  illumination  is  switched  off,  a  decrease  in  Aa  is 
observed  which  reaches  a  constant  value  quite  quickly.  This  portion  of  the  total  change  is  the  transient 
part  induced  by  illumination  and  the  portion  remaining  after  the  illumination  is  switched  off  is  the 
usually  observed  metastable  PD.  Thus  the  total  increase  in  Aa  for  a-As2Se3  films,  during  illumination, 
is  the  sum  of  the  transient  and  the  metastable  PD.  The  transient  parts  of  the  changes  are  found  to  be 
nearly  60%  and  30  %  of  the  total  changes  induced  during  illumination  at  300  and  50  K,  respectively. 
It  should  be  noted  that  illumination  is  known  to  cause  an  increase  in  the  thickness  d  of  the  films  [8], 
but  here  d  is  assumed  to  be  constant.  The  changes  in  d  are  around  5%  at  300  K  which  is  very  small 
compared  to  the  changes  in  Aa  observed.  It  is  also  clear  that  an  increase  in  c/ will  result  in  a  decrease 

in  Aa,  which  is  opposite  to  that  observed  in  PD. 

Successive  cycles  of  illumination  with  the  Ar  laser  (laser  on  and  off),  after  the  metastable 
PD  is  reached  (see  Fig.  2),  result  in  increase  and  decrease  in  Aa  equal  to  the  transient  part  observed 
after  the  first  cessation  of  illumination.  The  cycling  was  repeated  many  times  after  the  metastable 
state  was  reached,  and  every  illumination  confirmed  the  occurrence  of  only  the  transient  PD. 
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Fig.  2.  Time  evolution  of  changes  in  absorption 
coefficient,  Aa,  for  a-As2Se3  films  at  50  (D)  and 
300  K  (O).  ON  and  OFF  stages  of  the  Ar  laser 
are  indicated  by  the  arrows. 


Fig.  3.  Time  evolution  of  changes  in  absorption 
coefficient,  Aa,  for  a-Se  films  at  300  K.  ON  and 
OFF  stages  of  the  Ar  laser  are  indicated 
by  the  arrows. 


To  understand  the  transient  and  metastable  changes  during  the  initial  rapid  increase  of  Aa  in 
more  detail,  we  have  studied  the  changes  in  Aa  for  short-time  illumination  at  50  and  300  K,  i.e., 
before  reaching  the  saturated  state  shown  in  Fig.  2.  The  light  was  switched  on  and  off  for  20  s  each  at 
50  K  and  10  and  20  s,  respectively  at  300  K.  The  light  was  switched  on  for  20  s  at  50  K  instead  of  the 
10  s  used  at  300  K,  because  Aa  is  still  increasing  rapidly  even  after  10  s  at  50  K.  The  resulting 
changes  in  the  absorption  coefficient,  Aa,  at  50  and  300  K  are  shown  in  Fig.  4.  At  both  temperatures, 
Aa  increases  and  decreases  very  rapidly  when  the  illumination  is  switched  on  and  off,  but  in  neither 
case  does  it  return  to  the  original  values.  The  total  increase  in  Aa  is  larger  at  50  K  as  compared  to  300 
K.  The  cycle  of  increase  and  decrease  is  repeated  with  each  illumination  cycle.  This  shows  that  the 
transient  as  well  as  the  metastable  changes  occur  for  short  illumination  times  and  that  the  metastable 
part  accumulates  with  each  successive  illumination.  The  accumulation  of  the  metastable  changes  is 
slightly  faster  at  50  K  as  compared  to  300  K. 

In  a-Se  (Fig.  3),  Aa  increases  as  the  Ar  laser  is  made  incident  on  the  films  and  after  some 
time  reaches  saturation.  As  soon  as  the  illumination  is  switched  off,  the  changes  in  absorption 
coefficient  quickly  revert  back  to  the  level  before  illumination.  On  switching  on  the  illumination 
again,  a  similar  behavior  as  the  initial  illumination  is  observed  and  any  changes  induced  reverts  back 
to  the  original  state  when  the  Ar  laser  is  switched  off.  This  indicates  that  only  transient  part  is  induced 
by  illumination  that  vanishes  as  the  illumination  is  switched  off.  Even  on  repeating  the  on/off  cycle 
several  times,  a  similar  behavior  is  observed  and  no  metastable  PD  is  observed. 


4.  Discussion 


First  we  discuss  the  changes  in  Aa  for  a-As2Se3  as  shown  in  Fig.  2.  The  results  clearly  show 
that  during  illumination  there  exists  a  transient  part  and  the  metastable  part  of  PD,  The  transient  part 
decays  when  the  illumination  is  switched  off  and  the  changes  in  Aa  reach  the  usually  observed 
metastable  PD.  Thus,  during  illumination,  the  total  changes  are  a  combination  of  the  transient  and 
metastable  part.  Even  for  short  time  illuminations  (Fig.  4)  transient  and  metastable  parts  of  PD  are 
observed.  The  observation  of  transient  and  metastable  PD,  during  illumination,  both  for  short  and  long 
times  of  illumination,  parallels  the  changes  observed  in  thickness  on  illumination  [10].  This  seems  to 
confirm  the  correlation  which  is  suggested  to  exist  between  the  metastable  changes  in  thickness  and 
band  gap  observed  in  amorphous  chalcogenides,  experimentally  [9]  as  well  as  phenomenologically 
[10].  Observations  of  the  transient  part  of  PD  and  the  thickness  changes  in  amorphous  semiconductors 
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suggest  that  there  may  exist  a  correlation  between  these  changes  during  illumination  as  well. 
However,  as  the  changes  in  thickness  were  observed  with  white  light  [10],  no  further  comments  about 
the  rate  can  be  made  at  this  stage. 


Time  (sec) 

Fig.  4.  Variation  of  changes  in  absorption  coefficient,  Act,  with  time  for  short  duration  of 
illumination  for  a  -  AsjSe,  films  at  50  (solid  line)  and  300  K  (dashed  line).  Ar  laser  ON  and 
OFF  stages  is  20  s  each  at  50  K  and  10  and  20  s  respectively  at  300  K. 


Next  we  discuss  the  decay  of  the  transient  changes  in  absorption  coefficient,  Aa,  for  a- 
As2Se3  after  turning  off  the  illumination.  As  discussed  earlier,  the  transient  change  in  Aa  decays  as  the 
illumination  is  switched  off  and  the  changes  finally  reach  the  metastable  state.  The  decays  of  the 
transient  part  at  50  and  300  K  are  shown  in  Fig.  5.  Here,  the  decrease  of  the  transient  part  is  plotted  as 
a  function  of  time  on  a  logarithmic  scale.  The  scale  is  adjusted  to  show  the  starting  time  as  the  time 
when  the  Ar-laser  illumination  is  switched  off.  The  decay  is  faster  at  300  K  as  compared  to  50  K.  The 
decay  can  be  best  explained  by  a  stretched  exponential  function: 


Aa  =  C  exp 


+  Aa^ , 


(1) 


where  t  is  time  after  the  illumination  is  switched  off,  r  is  the  effective  decay  time,  ^  is  a  dispersion 
parameter  (O:^/?:^!)  and  AUs  is  the  saturated  value  of  Aa  (i.e.  the  metastable  part  of  the  changes).  C  is  a 
temperature-dependent  quantity  (the  absolute  amount  of  transient  PD)  and  its  value  is  obtained  by 
fitting  to  experimental  data.  The  solid  line  in  Fig.  5  shows  the  fitting  of  Eq.  (1)  to  the  experimental 
results.  The  fitting  seems  to  be  reasonable  and  it  gives  values  of  p  and  r  as  0.7  and  20  s  at  50  K  and 
0.85  and  5  s  at  300  K,  respectively.  The  effective  decay  time  r  decreases  and  the  dispersion  parameter 
P  increases  with  increasing  temperature. 

Next,  the  role  of  photocarriers  on  PD  will  be  discussed.  In  Fig.6,  both  the  decays  of  transient 
PD  and  photocurrent  for  a-As2Se3  induced  by  Ar-laser  illumination  at  300  K,  which  are  nomalized  to 
the  intial  value,  are  plotted  as  a  function  of  time.  Note  that  the  transient  PD  is  subtracted  from  the 
metastable  PD.  It  is  evident  from  the  figure  that  the  photocurrent  decays  mostly  within  3  seconds  and 
is  followed  by  residual  photocurrent  [1 1].  The  transient  PD  (TPD),  on  the  other  hand,  the  decay  looks 
slower  than  that  of  photocurrent.  However,  as  stated  before,  the  effective  decay  time  for  TPD  is  5 
seconds  that  is  comparable  to  the  decay  of  the  photocurrent  (~3  sec),  suggesting  that  there  may  be  a 
correlation  between  photocurrent  and  TPD.  A  slightly  slower  decay  of  TPD  as  compared  to  the  decay 
of  photocurrent  is  expected  and  can  be  considered  as  follows:  The  decay  of  transient  PD  is  the  motion 
of  the  layers  to  a  new  equilibrium  position  (structural  relaxation)  in  slip  and  repulsion  model  and 
some  delay  time  is  necessary  for  the  movement  of  clustered  layers  in  mesoscopic  scale  to  occur. 
Similarity  between  the  photocurrent  and  TPD  suggests  that  photocarriers  play  an  important  role  in 
inducing  PD  as  well. 
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Fig.  5.  The  dacay  of  the  transient  part  of  PD  after  switching  off  the  Ar  laser  for  a-As2Se3  films 
at  50  and  300  K,  The  symbols  have  the  same  meaning  as  in  Fig,  2.  The  solid  line  is  the  fitting 

using  Eq.  1 . 


Next  we  take  a  look  at  the  results  of  a-Se.  It  is  reported  (see  for  example  [1])  that  no  PD  is 
observed  in  a-Se  at  300  K  but  it  is  observed  at  low  temperatures.  However,  on  measuring  changes  in 
absorption  coefficient,  Aa,  during  illumination  (see  fig.  3),  transient  changes  can  be  easily  seen  in  a-Se  at 
300  K,  which  revert  back  to  the  original  state  as  soon  as  the  illumination  is  switched  off.  This  shows  that 
although  there  is  no  metastable  PD  in  a-Se  at  300  K,  transient  PD  exists.  The  results  presented  till  now 
dealt  with  the  changes  in  Aa  after  the  illumination  was  switched  off,  i.e.,  the  metastable  changes  in  PD. 
The  reason  for  the  observation  of  TPD  and  no  metastable  PD  can  be  summarized  as  follows;  It  is  well 
understood  that  PD  is  a  reversible  process,  i.e.,  annealing  near  Tg  in  amorphous  chalcogenides  can  reverse 
the  changes.  As  the  glass  transition  temperature  of  a-Se  is  just  near  room  temperature  [12]  any  changes 
induced  in  absorption  coefficient  at  300  K,  during  illumination  are  annealed  out  automatically  as  soon  as 
the  illumination  is  switched  off  leaving  no  metastable  PD.  This  means  that  there  exists  only  the  transient 
part  of  PD  at  300  K  for  a-Se. 

3r  I 


Fig.  6.  Decay  of  transient  part  of  PD  and  the  decay  Fig.  7.  Temperature  dependence  of  absorption 

of  photocuiTent  in  a-As2Se3  films  at  300  K.  coefficient,  a,  for  a-As2Se3  films. 


In  order  to  clarify  whether  the  transient  changes  in  absorption  coefficient  are  caused  by 
photoelectronic  or  thermal  mechanisms,  we  determined  the  temperature  dependence  of  the  absorption 
coefficient,  cr,  for  a-As2Se3  (as  a  representative  of  amorphous  chalcogenides)  that  is  shown  in  Fig.  7.  Aa 


226 


A.  Ganjoo,  K.  Shimakawa 


was  estimated  at  different  temperatures  from  the  transmission  intensity  of  the  He-Ne  laser  light,  as 
explained  earlier.  The  room-temperature  value  of  a  at  1.95  eV  for  the  films  used  in  the  present  work  is 
estimated  from  direct  measurements  and  was  found  to  be  7.8  x  10^  cm  '.  This  was  then  used  to  convert  Aa 
to  a.  The  transient  part  of  Aa  is  approximately  8000  cm''  at  50  and  300  K  for  a-As2Se3,  as  is  evident  from 
Fig.  1.  To  obtain  such  a  large  change  in  Aa  purely  by  a  thermal  mechanism,  a  temperature  increase  of 
nearly  275  K  at  50  K  and  nearly  100  K  at  300  K  would  be  required.  This  is  unreasonably  higher  than 
expected  from  the  Ar  laser  illumination  in  the  present  experimental  conditions.  It  can  thus  be  concluded 
that  the  transient  changes  are  not  thermally  induced. 

Note  the  present  decrease  in  the  transmission  (increase  in  absorption  coefficient)  at  1.95eV  (He- 
Ne  laser)  can  not  be  considered  as  similar  to  the  “optical  stopping”  effect.as  observed  in  As-S  filrns,  where 
the  He-Ne  laser  light  is  stopped  by  switching  on  a  He-Cd  laser  in  the  path  of  the  He-Ne  laser  light  [13]. 
The  optical  stopping  effect  may  be  considered  as  an  opto-electronic  property  while  the  present  PD  appe^s 
to  be  pure  photo-structural  property.  It  is  considered  that  the  He-Ne  laser  light  (the  guided  light)  uses  its 
energy  to  excite  the  trapped  electrons  that  are  introduced  by  the  light  of  the  He-Cd  laser.  This  leads  to  the 
stopping  of  He-Ne  laser  light.  Note  the  He-Ne  laser  (1.95  eV)  is  sub-gap  illumination  for  the  case  of  As-S 
samples  (band  gap  ~  2.5  eV)  studied  in  the  optical  stopping  experiments.  In  the  present  experiment,  the 
probe  and  the  action  lasers  are  He-Ne  laser  and  Ar-laser,  respectively,  which  are  the  band  gap  illumination 
and  above  band  gap  illuminations,  respectively.  Thus,  the  situation  is  very  different  from  the  above 
mechanism.  Thus,  we  rule  out  optical  stopping  in  the  present  experimental  conditions. 

5.  Conclusions 

We  have  made  a  direct  observation  of  the  transient  changes  of  absorption  coefficient,  Aa,  in  a- 
AsaSej  films  at  50  and  300  K.  During  illumination,  the  total  changes  constitute  transient  and  metastable 
PD,  with  the  transient  changes  decaying  when  the  illumination  is  switched  off  to  give  the  usually  observed 
metastable  PD.  The  transient  changes  are  nearly  60  %  and  30  %  of  the  total  changes,  observed  during 
illumination,  at  300  and  50  K,  respectively.  These  transient  changes  are  purely  due  to  photoelectronic 
mechanisms.  The  decay  of  transient  part  after  stopping  the  illumination  is  explained  by  a  stretched 
exponential  function.  The  decay  of  transient  part  is  similar  to  the  decay  of  photocurrent  and  thus 
suggesting  the  importance  of  number  of  photo-carriers.  These  photo-carriers  assist  site  switching  resulting 
in  PD.  Further  illumination,  after  the  metastable  state  is  reached,  induces  only  transient  changes  in  Aa.  For 
a-Se,  we  have  observed  a  significant  transient  PD  at  300  K  that  vanishes  and  the  changes  revert  back  to  the 
original  state  as  soon  as  the  illumination  is  switched  off. 
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The  technique  of  step-by-step  optically-induced  diffusion  and  dissolution  (OIDD)  of  Ag  with 
AS33S67  amorphous  films  has  allowed  to  design  films  with  exact  silver  concentration.  The 
photodoped  films  with  a  silver  concentration  of  25  at.%,  i.e.  with  composition  of  the 
stoichiometric  AgAsS2  compound  were  prepared.  The  host  AS33S67  films  were  photodoped  by 
consecutive  dissolving  thin  (~  10  nm)  layer  of  silver,  which  resulted  in  a  single-phase  optically 
homogeneous  films.  We  have  analyzed  affect  of  the  silver  doping  in  the  host  material  on 
optical,  thermal  properties,  and  its  structure  by  means  of  optical  spectroscopy,  temperature- 
modulated  differental  scanning  calorimetry  and  Raman  spectroscopy  respectively.  Application 
of  such  films  can  be  foreseen  for  rewritable  high  resolution  optical  memories  (reversible  phase 
change  “amorphous-crystalline”  or  film  optical  surface  nanoshaping  in  dependence  on  intensity 
and  silver  concentration).  The  surface  stmcture  of  optically  shaped  films  were  studied  by  atomic 
force  microscopy. 
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1.  Introduction 

Products  manufactured  by  the  consumer  electronics,  communications  and  computer  industries 
are  beginning  to  converge  into  a  single  multiple-purpose  digital  devices  with  entertainment, 
communications  and  computing  functions.  Rewritable  DVD  disks,  with  their  very  high  storage 
capacity,  are  the  ideal  removable  storage  media  for  these  new  generations  of  products  [1]. 

Phase  change  memories  are  based  on  thin-film  alloys  typically  incorporating  one  or  more 
elements  from  Column  16  of  the  Periodic  Table.These  chalcogenide  materials  can  exist  in  two  or  more 
distinct  atomic  states.  Structural  state  can  be  changed  by  overcoming  energy  barrier  between  those 
stable  states.  Energy  can  be  supplied  to  the  material  by  exposure  to  laser  beam.  Optical  memories  are 
recorded,  rewrittten  or  erased  by  laser  exposure  or  other  light  sources.  The  memory  material  is  excited 
to  a  state  of  high  atomic  mobility,  in  which  it  becomes  possible  for  chemical  bonding  rearangements  by 
slight  movement  of  individual  atoms.  Chalcogenide  containing  materials  are  very  appropriate  materials 
for  optical  memories  because  amorphous  or  crystalline  state  is  reachable  due  to  high  structural 
flexibility  employing  weakly  bonding  “lone  pair”  p-electrons  [2,  3].  Stechiometric  compounds,  which 
are  able  to  be  transformed  between  the  amorphous  and  crystalline  structural  states  using  laser  pulses  of 
extremely  short  duration,  are  used  [4].  Other  important  condition  of  those  compounds  is  their  stability 
at  room  temperature.  Optical  memory  media  using  binary  stoichiometric  compounds  show  the 
necessary  crystallization  speeds,  but  a  slight  deviation  of  the  stoichiometric  composition  could  lead  to 
dramatic  crystallization  speeds  loss  [4].  Adding  third  element,  e.  g.  Sb,  to  GeTe  binary  system 
improves  the  rapid  crystallization  speed  over  the  broad  compositional  range  [3]. 

Optically-induced  diffusion  and  dissolution  (OIDD)  of  metals  in  amorphous  chalcogenides  has 
been  widely  studied  [e.g.  5-8]  and  could  be  used  to  synthesis  of  stoichiometric  amorphous  solid 
solutions,  which  could  be  optically  crystallized.  The  technique  of  the  step-by-step  OIDD  between  Ag 
and  AS33S67  amorphous  films  was  studied  in  [9]  by  which  the  films  with  the  thicknesses  0.5  pm  were 
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prepared.  The  amourphous  films  with  compostion  of  AS33S67  arc  favourable  for  optically-induced  solid 
state  reaction  with  silver,  because  they  yield  optically  homogeneous  photodoped  reaction  products.  The 
compositional  tie-line  between  AS33S67  and  Ag  in  Ag-As-S  ternaiy  diagram  also  intersects  the  region 
where  the  solid  solution  with  the  composition  of  the  stoichiometric  AgAsS2  compound  is  formed. Such 
technique  is  very  promissing  to  be  applied  for  preparation  of  films  used  for  the  rewritable  high 
resolution  optical  memories. 

In  this  work  we  have  studied  synthesis  of  AgAsS2  glass,  OIDD  preparation  of  AgAsS2  films 
and  their  physical  and  chemical  properties. 

2.  Experimental  techniques 

The  AS33S67  host  films  were  prepared  by  using  well-established  vacuum  evaporation  technique. 
The  bulk  chalcogenide  glass  used  as  an  evaporation  source  was  prepared  from  the  constituent  elements. 
Arsenic  and  sulphur  or  silver  of  5N  purity  were  weighed  and  placed  in  cleaned  and  outgassed  (by 
heating  under  vacuum  to  900  °C)  quartz  ampoules.  The  ampoules  were  evacuated  to  a  pressure  of  1x1 0 
^  Pa  for  30  minutes  and  then  sealed.  The  synthesis  was  performed  in  a  rocking  fiimace  with  ampoules 
exposed  to  a  temperature  of  650  °C  for  24  hours.  The  fragments  of  the  bulk  material  were  evaporated 
from  quartz  crucible  to  reduce  any  contamination  of  the  prepared  layers.  The  layers  were  evaporated  on 
glass  substrates  in  a  1  x  10’''  Pa  vacuum,  at  a  rate  of  1  nm.s''.  Constant  thickness  of  the  films  was 
guaranteed  by  rotating  substrate  holders  in  planetary  system.  Thickness  was  monitored  during 
evaporation  with  a  quartz  crystal  monitor.  The  thickness  of  the  AS33S67  films  were  2000  nm,  which  is 
the  appropriate  thickness  for  the  accurate  evaluation  of  the  optical  parameters.  Constant  thickness  silver 
films  (~10  nm)  were  evaporated  subsequently  on  the  top  of  the  chalcogenide  film.  The  host  AS33S67 
films  were  photodoped  by  means  of  OIDD  i.e.  by  eonsecutive  photodissolution  of  Ag  films  (~10  nm) 
up  to  the  saturation,  i.e.  320  nm  of  overall  silver  thickness.  The  photodoping  was  earned  out  by 
illuminating  samples  by  500W  tungsten  lamp  accomodated  in  a  lamp  house  eguipped  with  large 
Fresnel  lens  and  IR-cut  filter.  The  thickness  of  the  photo-doped  layers  ranged  between  2000  and  2700 
nm.  The  silver  eoneentration  of  the  prepared  samples  ranged  between  1  and  41  at.%.  The  values  of 
silver  concentration  quoted  were  calculated  from  measured  silver  and  photodoped  layer  thicknesses. 
The  compositions  of  chalcogenide  films  (both  doped  and  undoped)  were  also  measured  by  elecfron 
microprobe  (  using  a  Kevex  8000  instrument )  with  an  accuracy  of  0.5  at.  %.  The  concentrations 
of  silver  in  films  established  by  both  techniques  were  in  agreement  within  an  error  1  at.  %. 

Further,  we  have  analyzed  the  affect  of  the  silver  doping  in  the  host  material  on  optical,  thermal  and 
mechanical  properties,  and  its  structure. 

The  optical  transmission  spectra  of  the  films  were  recorded  with  ultra-violet,  visible  and  near 
infrared  (UVA^IS/NIR)  spectrophotometer  (JASCO).  According  to  Kosa  [9]  the  homogeneity  of  our 
doped  thin-film  samples  was  clearly  confirmed  by  the  corresponding  spectral  dependence  of 
transmission,  where  no  shrinkage  of  the  interference  fringes  was  observed.  In  order  to  calculate  the 
thickness,  d,  the  refractive  index,  «,  and  absorption  coefficient,  a,  from  the  thin  film  transmission 
spectra,  an  evaluation  method  described  by  Swanepoel  [10]  was  used.  Maximum  possible  error  varies 
in  n  =+/-  0.005;  in  d  =+/-  5  nm. 

The  recent  temperature-modulated  differental  scanning  calorimetry  (TMDSC,  TA  instruments 
2920)  technique  has  been  applied  to  the  measurement  of  the  thermal  properties  of  chalcogenide  glasses 
[11]  and  at  present  work  also  of  the  silver  doped  AS33S67  films  and  bulk  glasses.  All  samples  in  this 
work  were  exposed  to  the  same  temperature-modulated  heating  schedules  with  the  average  heating  rate 
of  1  °C/min,  temperature  modulation  amplitude  +/-2  °C  and  period  of  60s.  The  total  heat  flow, 
modulated  heat  flow,  reversing  heat  flow  and  parameters,  glass  transition  temperature,  Tg,  specific  heat 
capacity  C^,  crystallization  temperature,  Tc,  which  characterize  the  thennal  events  in  the  glass  transition 
and  crystallization  regions  were  also  determined,  respectively.  The  photodoped  films  (Ag-As33S67)  were 
mechanically  peeled  from  the  substrates,  or  bulk  glass  samples  crushed,  and  immediately  weighed  into 
aluminium  crimped  pans  and  then  properly  sealed.  A  typical  film  sample  weight  was  approximately  18 
i3jg_  The  experimental  errors  of  the  Tg,  values  are  within  a  range  +7-0,1  °C.  Also  DSC  scan  in  non- 
modulated  regime  at  different  heating  rates  were  performed  in  the  temperature  range  from  100  to 
500  °C. 
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Raman  spectroscopy  has  been  used  to  study  the  structure  of  the  bulk  AgAsS2  glass  and  the 
films  of  AS33S67  as  silver  was  photo-doped  into  them.  The  Raman  spectroscopy  study  was  performed  on 
a  Fourier  Transformation  (FT)  Raman  spectrometer  (model  IFS/FRA  106,  Bruker).  Raman  spectia 
were  excited  using  a  laser  beam  with  X  =  1064  nm  having  an  output  power  50  mW.  The  wavelen^h  of 
the  laser  beam  was  critical  to  avoid  any  photostructural  changes  in  the  chalcogenide  glasses  within  the 
time  scale  of  100  scans.  The  resolution  of  the  Raman  spectrometer  was  1  cm"'.  The  photodoped  films 
(Ag-As33S67)  were  both  mechanically  peeled  from  the  substrates  crushed,  and  immediately  pressed  into 
aluminium  targets,  which  are  used  as  a  powdered  material  holder  during  the  Raman  measurements. 
Surface  dimension  of  the  optically  exposed  dots  on  films  were  measured  by  atomic  force  microscopy 
(AFM). 


3.  Results 

It  was  proved  that  by  the  means  of  OIDD  can  be  prepared  the  optically  homogeneous  films 
with  a  AgAsS2  composition  which  are  not  possible  to  prepare  by  other  methods,  e.g.  direct  thermal 
evaporation  due  to  thermal  decomposition  or  bulk  glass  synthesis  because  of  restricted  glass  forming 
ability  of  Ag-As-S  system  [12]. 

The  typical  optical  transmission  curve  of  the  AgAsS2  amorphous  films  prepared  by  OIDD  as 
well  as  calculated  values  of  the  spectral  dependence  of  refractive  index,  n,  are  shown  in  Fig.  1. 
Compositional  dependence  of  refractive  indeces, «,  proves  an  increase  in  refractive  indeces  values  up  to 
25  at.%  of  silver,  as  can  be  seen  in  Fig.  2. 


Wavelength  [nm] 


Fig.  1.  Optical  transmissivity  and  refractive  index  spectral  dependence  of  the  AgAsS2  amorphous  film. 


The  dependence  of  the  glass  transition  temperature,  Tg  (taken  at  three  important  points  of  the 
sigmoidal  curve  Q,  versus  T  [13],  i.e.  T^^onsct,  Tg,  mjicx  and  Tg  end),  on  composition  of  the  Ag-As-S  films  is 
apparent  from  Fig.  2.  The  glass  transition  temperature  in  all  three  sets  of  data  decreases  with  increasing 
Ag  concentration  down  to  a  local  minimum  at  around  10  at.%,  then  Tg  increases  up  to  a  local  maximum 
at  25  at.  %.  Tg  again  decreases  with  Ag  content  beyond  25  at.%  Ag. 

Thermal  properties  of  the  silver  optically  doped  films  were  also  measured  non-reversing  heat  flow 
(NHF)  [11]  in  crystallization  regions  using  modulated  regime  (parameters  described  in  experimental 
part)  of  DSC  apparatus,  which  allowed  to  establish  crystallization  temperatures  {To  on,  7;)  and 
crystallization  enthalpies  (A//)-  The  typical  NHF  vs.  Temperature  curve  and  silver  content  dependence 
of  crystallization  parameters  (7;,  AH)  is  presented  in  Fig.  3.  There  is  noticable  maximum  of  AH  when 
composition  of  film  reaches  x  =  25  at.%  Ag. 
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Fig.  2.  Glass  transition  temperature  Tg  and  the  refractive  Fig.  3,  Typical  non-reversing  heat  flow  DSC  signal 
index,  dependence  (at  wavelength  equal  to  1000  nm)  obtained  from  OIDD  prepared  Ag-As-S  films, 

on  silver  content  in  the  prepared  Ag-As-S  films.  Inserted  figure  shows  dependence  of  Tc  and 

AH  on  silver  content  in  Ag-As-S  films. 

The  heat  flow  dependence  on  temperature  was  measured  in  temperature  non-modulated  DSC 
regime  in  heating  scans  for  the  AgAsS2  amorphous  film  prepared  by  OIDD  and  for  the  AgAsS2  melt- 
quenched  glass.  Both  heat  flow  curves  are  shown  in  Fig.  4.  There  is  a  clear  evidence  that  the  glass  transition, 
crystallization  and  melting  regions  which  are  very  similar  for  both  samples.  Small  discrepancies  can 
explained  by  different  particles  size  (crushed  pieces  of  bulk  glass  and  pealed  thin  film  particles). 


Fig.  4.  Typical  heating  scan  in  non-modulated  DSC 
experiments  at  a  rate  of  50  °C/min'‘  for  the  samples 
of  AgAsS2  glass  prepared  by  melt-quenching  and 
AgAsS2  amorphous  film  prepared  by  optically- 
induced  diffusion  and  dissolution 
(OIDD),  respectively. 


Fig.  5.  Raman  spectra  of  the  samples  of  AgAsS2  glass 
prepared  by  melt-quenching  and  AgAsS2 
amorphous  film  prepared  by  optically- 
induced  diffusion  and  dissolution 
(OIDD),  respectively. 


The  Raman  spectra  measured  in  AgAsS2  amorphous  films  and  bulk  glass  are  shown  in  Fig.  5. 
Spectra  were  interpreted  using  references  [14-16].  The  Raman  spectra  of  the  film  contains  strong  bands  at 
333,  344  cm'^  (units  ASS2/3)  also  weak  bands  at  474  and  496  cm‘^  (Sg  rings  and  S  rings  fragments, 
respectively).  The  OIDD  of  silver  (explained  in  experimental  section)  leads  to  an  appearance  of  a  new  strong 
band  at  376  cm‘‘  (AsSs  pyramids  joined  by  S-Ag-S  linkage),  and  to  a  decrease  of  intensities  of  the  weak 
multiple  weak  bands  in  spectral  region  100-300  cm’^  (As-As  bonds).  Film  with  the  content  of  silver,  x  =  25 
at.%  Ag,  possess  the  same  vibration  bands  as  glassy  bulk  sample  of  the  composition  AgAsS2. 
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4.  Discussion 


All  analitycal  techniques  used  in  this  work  show  common  and  supporting  results  for  the  fact  that  it 
is  possible  to  prepare  by  means  of  OIDD  the  new  Ag-As-S  films  with  desired  stoichiometric  composition  of 
AgAsS2  glass. 

Optical  parameters  T,  n,  show  a  strong  evidence  that  silver  is  incorporated  into  a  host  matrix,  with  a 
distinct  features  close  to  content  of  25  at.  %  of  Ag,  i.e.  where  stoichiometric  compound  AgAsS2  exists. 

Measured  thermal  properties  support  the  idea  of  optically-induced  solid  state  reaction  of  silver  with 
AS33S67  films,  as  Tg,  Tc  and  AH  are  structuraly  sensitive  parameters  [9,  11],  show  maxima  in  their 
compositional  dependences  at  25  at.  %  Ag.  The  point  when  silver  reaches  in  Ag-As-S  films  the  composition 
of  AgAsS2  (25  at.  %  Ag)  can  be  interpret  that  silver  has  a  role  of  glass-former.  The  turning  point  at  10  at.  % 
Ag  on  Tg  vs.  XAg  curves  is  not  fully  understand.  It  could  be  phenomelogicaly  described  as  a  transition  from 
the  role  of  silver  as  glass  structure  modifier  to  glass  former. 

As  it  is  evident  from  Raman  spectra  silver  can  create  either  one  bond  at  the  chain  end  or  can  brake 
S-S  chain  and  rings.  The  S-S  units  disapearance  is  clearly  seen  from  evolution  of  the  Raman  spectra.  Raman 
spectrum  of  Ag  As-S  films  at  jc  =  25  at.  %  Ag  shows  the  homogenous  reaction  products  and  the  spectrum  of 
film  at  this  composition  represents  almost  identical  structure  of  OIDD  films  as  that  of  bulk  glass  of 
composition  AgAsS2  (Fig.  5).  It  proves  that  OIDD  process  between  silver  and  AS33S67  could  reach  the  same 
reaction  products  as  it  is  during  high  temperature  syntesis  from  elements  in  a  melt.  This  conclusion  is  also 
supported  by  DSC  curves  in  Fig.  4. 

MDSC  curves  of  AgAsS2  films  and  DSC  curves  of  AgAsS2  (Fig.  6)  bulk  glass  show  two  peaks  in 
crystallization  regions.  This  two  peaks  could  be  attributed  to  the  cold  crystalization  and  following 
recrystallization  of  the  two  crystallografic  modifications  of  AgAsS2  stoichiometric  compound,  i.e.  lower 
temperature  modification  is  monoclinic  smithite  and  higher  temperature  modification  is  hexagonal 
trechmanite.  Heating  rate  and  final  temperature  during  heating  (light-exposure)  of  an  amorphous  AgAsS2 
influences  which  of  the  crystalline  modification  of  the  compound  will  grow  during  cold  crystallization. 
Application  of  such  films  can  be  foreseen  for  rewritable  high  resolution  optical  memories  (reversible  phase 
change  “amorphous-crystalline”  or  film  optical  surface  nanoshaping  in  dependence  on  intensity  and  silver 
concentration).  The  surface  structure  of  optically  shaped  films  were  studied  by  atomic  force  microscopy  as  it 
is  documented  in  Fig.  7. 


Temperature  pC] 


Fig.  6.  Typical  heating  scan  in  non-modulated  DSC  Fig.  7.  AFM  scan  of  AgAsS2  film  surface  after  exposure 
experiments  at  different  heating  rates.  Inserted  by  light  of 200  W  Hg  lamp  through  mask, 

figure  shows  dependence  of  Tc  and  AH  on 
silver  content  in  Ag-As-S  films. 
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5.  Conclusion 

The  OIDD  of  Ag  in  AS33S67  films  was  used  to  tailor  desired  silver  content  in  the  final  reaction 
product,  i.e.  AgAsS2.  The  Agx(Aso.33So.67)ioo.x  films  were  prepared  as  a  single-phase  optically 
homogeneous  material  in  the  compositional  range  from  x  =  1  to  x=  41  at.%.  The  structure  of  the  films 
containing  25  at.  %  of  Ag  have  the  structure  close  to  the  AgAsS2  bulk  glass.  The  photodoped  films  with 
a  silver  concentration  equal  to  25  at.%,  i.e.  with  composition  of  the  stoichiometric  compound  AgAsS2 , 
showed  characteristic  features  in  their  optical,  thermal  and  stuctural  properties.  Such  OIDD  film 
techniques  preparation  could  be  potencially  used  for  application  in  phase  change  optical  memories. 
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1.  Introduction 

1.1.  General  remarks  on  relaxation  of  structure  of  substance  in  condensed  state 

The  nature  of  vitreous  state  can  not  be  perceived  deeply  without  analysis  of  crystal  and  liquid 
states,  without  analysis  of  structure  in  these  states,  without  understanding  of  ways  and  means  of 
mutual  transformations  of  these  three  states,  as  well  as  transformations  inside  them  that  take  place 
under  influence  of  such  external  influences  as  temperature,  pressure,  eleetromagnetic  radiation,  etc. 
As  a  matter  of  fact  such  transformations  of  various  states  (phase  transformations)  and  transformations 
inside  each  of  them  (phase  transformations  -  in  crystal  state,  structural  transformations  -  in  liquid  and 
vitreous  states)  represent  relaxation’  of  substance,  i.e.  the  proeess  of  establishment  of  thermodynamic 
equilibrium  (complete  or  partial)  in  a  physical  system  consisting  of  a  large  number  of  particles  [1]. 

In  this  work  phenomenological  aspects  of  relaxation  processes  taking  place,  mainly,  in 
individual  chemical  substances  based  on  chalcogenides  of  IV  and  V  main  subgroups  of  the  Periodic 
Table  as  well  as  in  chalcogene  Se  are  considered.  Special  attention  is  given  to  the  most  deeply 
investigated  germanium  diselenide  GeSe2. 

Our  consideration  is  confined  only  structural  relaxation  above  substances  in  crystalline, 
vitreous  and,  partially,  liquid  states,  information  on  which  is  quite  limited. 

The  largest  experimental  material  in  the  field  of  chalcogenides  is  collected  for  the  case  of 
influence  of  temperature  on  substance,  so  in  this  work  the  relaxation  of  substance  will  be  considered 
mainly  as  establishment  of  equilibrium  in  substance  as  a  result  of  temperature  influence,  i.e.  as  a 
result  of  “placement”  of  substance  from  one  temperature  conditions  to  others.  At  that,  as  it  will  be 
shown  later,  for  understanding  of  the  nature  of  glass-formation  the  processes  connected  with 
relaxation  of  substance  at  placing  it  in  higher  temperature  conditions  (heating)  are  no  less  important 
than  processes  of  cooling  of  substance  to  which  a  lion’s  share  of  experimental  materials  is  devoted 
that  is  evidenced,  for  example,  such  notions  as  “relaxation  of  glass-forming  liquid”  and  “glass 
relaxation  in  region  Tg”. 

Considering  relaxation  processes,  it  must  be  kept  in  mind  that  very  frequently  a  substance 
does  not  achieve  the  equilibrium  state  due  to  not  sufficient  duration  of  conditions  in  which  the  system 
is  kept.  In  the  case  conditions  continuously  change,  the  potential  equilibrium  state,  to  which  the 
system  aims  at,  changes  as  well. 

Any  alteration  of  state  of  a  system  leads  to  alteration  of  its  properties.  Substance  properties  in 
accordance  with  the  main  formula  of  physics-chemical  analysis,  the  formula  of  Kumakov-Tananaev 
[2],  are  functionally  dependent  on  composition,  structure  and  dispersion  (the  ratio  of  substance 
surface  to  its  volume).  At  constant  chemical  composition  and  absence  of  significant  dispersion, 
alteration  of  substance  properties  is  directly  related  with  alteration  of  its  structure. 


*  In  this  work  we  do  not  consider  the  vapors  state  of  substance,  analysis  of  transformation  of  which  in 
condensed  non-crystalline  state,  in  particular  in  ultra-dispersed  and  vitreous,  is  very  important  in  obtaining  non¬ 
crystalline  films  of  chalcogenides. 
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Knowledge  of  substance  structure  is  the  most  important  condition  of  understanding  of 
relaxation  processes  in  it.  As  for  individual  chemical  substances  and,  in  particular,  chalcogemdes, 
there  is  a  lack  of  data  on  structure  of  even  “the  most  simple”  crystal  state,  for  example, 
ci-ystallographic  parameters  of  one  of  two  polymorphous  modifications  (PM)  as  for  GeSe2  and  AsSe. 
There  is  no  confidence  that  all  PM  of  individual  chemical  substances  and  chalcogemdes,  in  particular, 

are  discovered.  j  i  x*  • 

The  situation  is  more  complicated  with  structure  of  vitreous  substances,  and  glass-tormmg 

liquids  in  particular.  ..u  i  „„ 

For  description  of  structure  of  liquid  (melt)  Tool,  who  founded  the  kinetic  theory  of  glass- 

formation  [3],  introduced  the  notion  of  “the  fictitious  temperature”  Tf  that  is  frequently  called  toe 
structural  temperature”.  Tf  (according  to  Tool)  is  the  temperature  of  melt  which  structure  coincides 
with  the  structure  fixed  in  this  glass.  But  although  structures  of  glass  and  liquid  at  certain  temperature 
in  accordance  with  the  kinetic  theory  of  glass-formation  are  similar,  it  says  nothing  about  their 
peculiar  concrete  stereometry  of  atom  arrangement  in  glass  or  liquid. 

1.2.  Main  concepts  of  glass  structure 

Analyzing  and  interpreting  diffractometry  and  spectrometiy  data  which  evidence  on  structure 
and  structure  changes  in  glass  and  glass-forming  liquid,  investigators,  consciously  or  unconsciously, 
are  relied  on  a  certain  concept  of  glass  structure  or  guided  by  some  model  of  structure. 

The  most  famous  concepts  of  glass  structure  are  the  crystallite  concept  of  Frankengeiin 
(1835)  -  Lebedev  (1921)  [4,  5]  in  which  for  the  first  time  a  guess  was  given  about  connection  of 
glass-formation  and  polymorphism,  the  concept  of  polymeric  structure  (Mendeleev  -  1864  [6], 
Sosman  -  1927  [7]  and  others),  the  concept  of  a  continuous  random  network  of  Zachariasen  -  1^932 
18],  the  polymeric-crystallite  concept  of  Poray-Koshits  -  1959  [9]  which  relatively  successfully 
combined  three  previous  conceptions,  the  concept  of  clusters  of  structural-independent  polyforms  o 

Goodman  [10]  (actually  developing  ideas  of  Frankelgeim-Lebedev).  .  .  ,  ... 

Each  of  above  mentioned  concepts  reflects  to  certain  extent  an  objective  glass  structure,  but  is 
distinctive  either  in  excessive  generality  (the  concept  of  polymeric  structure  and,  to  toe  certain  extent, 
the  Zachariasen’s  concept)  or  contents  theses  contradicting  to  experimental  data  -  modern 
diffractometric  investigations  show  that  in  well  synthesized  glass  there  are  no  even  smallest  crystal 

inclusiom.^  establish  our  interpretation  of  all  processes  related  with  alteration  of  glass  and  glass¬ 
forming  liquid  structure  on  the  concept  of  polymeric  polymorphous-crystalloid  structure  of  glass  and 
glass-forming  liquid  (CPPCSGL)  produced  from  individual  chemical  substances  [11-15]  that  we  have 
been  developing  since  the  second  half  of  eighties. 

1.3.  Main  theses  of  the  concept  of  polymeric  polymorphous-crystalloid  structure  of  glass 

Basing  on  critical  analysis  of  existing  concepts  of  glass  structure,  a  number  of  theses  related 
with  the  structure  of  glass-forming  liquid  and  glass  expressed  by  Brukner  (1970),  Landa  (1977), 
Balmakov,  Blinov  (1985),  Gerber  (1988)  and  others,  Golubkov  (1992),  as  well  as  on  other  data 
analyzed  in  [1 1-1 5],  the  following  main  theses  of  CPPCSGL  have  been  established: 

1.  The  process  of  formation  of  vitreous  substance  is  the  process  of  generation,  mutual 
transfonnation  and  co-polymerization  of  structural  fragments  of  various  polymorphous  modifications 
of  a  crystal  substance  without  long-range  order  (crystalloids)  in  disordered  polymeric  polymorphous- 

crystalloid  structure  (network,  tangle  of  chains,  ribbons,  etc.)  of  glass.  .  ,  f 

The  term  ‘‘crystalloid”  was  in  the  first  time  introduced  by  Graham  and  it  meant  particles  oi 
substance  in  the  state  of  molecular  fragmentation  which  are  able  to  crystallize  from  solution  [16].  It  is 
evident  that  in  our  case  this  definition  must  be  transformed  to  some  extent  and  that  has  been  done  m 

[12]. 

2.  The  crystalloid  is  a  fragment  of  the  crystal  structure  consisting  of  a  group  of  atoms 
connected  by  chemical  bonds  according  to  stereometric  ordering  rules  inherent  to  one  of  crystal  PMs 
of  the  substance  and  having  no  translational  symmetry  of  the  crystal.  There  is  no  even  minimum  long- 
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range  order  (LRO)  in  the  crystalloid,  i.e.  two  neighboring  elementary  cells  of  crystal  structure  which 
are  able  to  intertranslate. 

3.  The  notion  “crystalloid”  is  directly  connected  with  notions  “short-range  order”  and 
“intermediate-range  (medium)  order”  (SRO  and  IRO,  MRO),  "short-range  ordering"  and  "medium- 
range  ordering",  applied  both  to  non-crystalline  and  crystalline  substances. 

The  short-range  order  is  topologically  determined  composition  of  atoms  including  the  atom 
taken  as  the  origin  point  and  surrounding  atoms  of  the  first  coordination  sphere.  The  SRO  is 
characterized  by  the  coordination  number,  by  types  (kinds)  constituent  atoms,  by  distances  between 
atoms  and  interbond  angles. 

The  intermediate  (medium)  order  -  is  a  stereometrically  determined  composition  (topology) 
of  short-range  orders  in  the  limits  of  a  crystalloid  characterized  by  parameters  of  all  SROs 
(coordination  numbers,  distances  between  atoms,  interbond  angles)  and  dihedral  angles. 

The  intermediate-range  order,  at  least  along  one  of  crystallographic  axes,  has  dimensions  less 
than  two  periods  of  the  crystal  lattice.  Otherwise,  the  crystalloid  transforms  in  a  crystallite. 

The  short-range  ordering  is  a  combination  of  various  short-range  orders  (in  crystalline  and 
non-crystalline  substances). 

The  intermediate-range  ordering  is  a  combination  of  various  intermediate  orders  in  a  non¬ 
crystalline  substance.  In  a  crystalline  substance  the  term  “intermediate-range  ordering”  coincides  with 
the  term  “intermediate-range  order”. 

4.  In  every  non-crystalline  substance  there  are  two  or  more  SROs,  two  or  more  IROs 
(plurality  of  SRO  and  IRO),  and  there  is  no  LRO.  The  number  of  IRO  types  is  equal  to  the  number  of 
polymorphous  modifications  taking  part  in  formation  of  the  non-crystalline  substance.  In  a  crystalline 
substance  there  may  be  one,  two  or  more  SROs  and  only  one  type  of  IRO  and  LRO. 

5.  Stereometrically  ordered  crystalloids  of  different  PMs  join  together  (polymorphous 
polymerization)  also  according  to  ordering  rules  of  one  of  PMs  (except  for  rules  of  translational 
symmetry,  but  because  of  statistical  alternation  of  inherent  to  them  IROs  they  form  disordered 
polymeric  polymorphous-crystalloid  structure  of  vitreous  substance  in  which  the  order  (microlevel) 
and  the  disorder  (macrolevel)  organically  co-exist. 

6.  Glass  structure  is  not  absolutely  continuous,  there  are  separate  broken  chemical  bonds  and 
other  structural  defects. 

In  accordance  with  above  notions  of  the  CPPCSGL  glass  structure  and  properties  are 
determined  by  the  concentration  ratio  of  crystalloids  of  different  PMs  inherent  to  the  given  glass  and 
depending  on  origin  substance  state,  conditions  of  formation  and  treatment  of  the  vitreous  material. 

In  glas-forming  liquid  and  glass  substantial  changes  of  structure  and  properties  take  place 
depending  on  concrete  realization  of  the  process  of  intertransformations  of  crystalloids  of  different 
PMs. 

(T,P,Ph,E,H) 

Ai;-I-Bi+Cm+ ....  +  Zx  ?  Ap  +  Bq  +  Cr+  ...  +Zy  (1) 

where  A,  B,  C  ....  Z  -  crystalloids  of  different  PMs  of  substances  which  concentrations  k,  1,  m  . .  .p,  q, 
n  ...  X,  y  are  changed  depending  on  conditions  (temperature  T,  pressure  P,  irradiation  Ph,  electrical 
field  E,  magnetic  field  H,  etc.)  in  the  range  from  0  to  100%  [12,  17]. 

Actually,  the  expression  (1)  reflects  physical-chemical  essence  of  relaxation  processes  in 
crystal,  vitreous  and  liquid  states  of  substance. 

2.  Germanium  diselenide  GeSe2 

2.1.  Crystalline  polymorphous  modifications  and  phase  transitions 

Germanium  diselenide  GeSe2  exists  at  normal  pressure  in  two  polymorphous  modifications  - 
high-temperature  (HTPM,  P-modification)  and  low-temperature  (LTPM,  a-modification)  [18,  19]. 
The  HTPM  has  two-dimensional  layered  structure  in  which  GeSe4/2  tetrahedrons,  connected  in 
vertexes  (corner-shared  tetrahedrons  -  CST),  form  chains  connected  by  bridges  from  pairs  of 
tetrahedrons,  connected  in  edges  (edge-shared  tetrahedrons  -  EST).  In  HTPM  there  are  equal  numbers 
of  CSTs  and  ESTs.  The  HTPM  has  yellow  [20]  (orange  [21])  color  and  the  melt  temperature  of 
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740  “C  [20].  The  LTPM  is  constructed  of  tetrahedron  chains  arranged  along  directions  [001]  and 
[101]  and  connected  by  only  CST  in  the  three-dimensional  network  [22].  LTPM  can  be  obtained  by 
photo-irradiation  of  thin  vitreous  samples  by  the  He-Ne  laser  [23],  by  annealing  at  325  ®C  of  an 
amorphous  film  deposited  by  vacuum  evaporation  [22].  A  comprehensive  X-ray  determination  of 
LTPM  structure  is  absent. 

Azoulay  in  1975  [21],  heating  glasses  of  Ge-Se  system  with  15-30  at.%  Ge  content  up  to 
temperatures  of  280-300  ®C,  discovered  in  all  cases  inclusions  of  the  same  phase  consisting  of  small 
crystals  of  red-brown  color  with  approximate  composition  Ge3oSe7o.  With  further  heating  the  orange 
phase  GeSe2  appears  which  co-exists  with  the  red-brown  phase.  At  heating  to  400  and  higher,  the 
latter  disappears  while  the  orange  phase  GeSe2  remains. 

In  accordance  with  the  eutectic  type  of  the  phase  diagram  Ge-Se,in  the  range  Se-GeSe2,  at 
partial  crystallization  in  the  range  ofl5-30  at.%  Ge  only  GeSe2  phase  can  be  formed.  Therefore, 
Azoulay  appears  to  be  the  first  who  discovered  LTPM  GeSe2  and  observed  the  phase  transition  LTPM 
-»  HTPM  which  can  be  interpreted  as  the  process  of  relaxation  of  crystalline  GeSe2  at  temperature 
increase.  The  confirmation  of  the  fact  that  Azoulay  dealt  with  the  phase  transition  in  GeSea  is  the 
Inoue’s  experiment  [22]  who  at  thermal  annealing  of  amorphous  film  obtained  LTPM  at  325  C  and 
HTPM  at  425  ®C.  The  phase  transition  in  the  opposite  direction  HTPM  ->  LTPM  is  registered  in  the 
work  [19]  at  increasing  pressure  to  7  GPa.  The  transition  is  realized  via  intermediate,  completely 
disordered  at  6.2  GPa,  phase. 

For  GeSe2,  two  PMs  obtained  at  high  pressures  are  also  known  [24], 

As  it’s  seen  from  presented  data  the  information  on  the  crystal  state  of  GeSe2  is  far  from 
comprehensive.  But  tlie  fact  of  existing  of  stable  HTPM  and  LTPM  at  normal  pressure  in  certain 
temperature  intei-vals  [18,  19,  23]  says  itself  that  GeSe2  has  the  enantiotrope  phase  transition 
HTPM->LTPM  which  is  characterized  by  certain  temperature  of  polymorphous  transformation  Ttr. 
Temperature  of  the  enantiotrope  transition  Ttr  is  unknown.  It  is  clear  only  that  this  transition  is  in  the 
temperature  range  of  300-400  according  to  data  [21]  or  325-425  according  to  [22].  We  didnt 
come  across  any  facts  of  existing  of  HTPM  — >  LTPM  transition  at  normal  pressure.  It  appears  that  it 
is  difficult  to  take  place  because  of  not  sufficiently  high  temperatures.  It  is  possible  that  it  does  take 
place,  although  slowly,  at  temperatures  slightly  less  than  the  real  T^.  The  transition  HTPM  ->■  LTPM 
can  be  activated  by  high  pressure  [19]  that  can  be  Interpreted  as  a  process  of  relaxation  of  crystalline 
GeSe2  as  a  result  of  pressure  increase  or  as  a  result  of  presence  of  structural  fragments  (crystalloids) 
LTPM  which  takes  place  in  amorphous  GeSe2  film  consisting,  in  accordance  with  CPPCSGL  as  well 
as  [22, 23]  data,  from  fragments  of  structure  of  both  PMs.  But  in  any  case,  one  should  not  already  say 
about  the  pure  enantiotropic  transition  because,  on  definition,  the  enantiotropic  transition  must  take 
place  at  normal  pressure  and  in  crystalline,  but  not  in  non-crystalline,  substance.  Nevertheless,  the 
presented  facts  give  evidence  that  LTPM  is  significantly  more  stable  at  temperatures  below  T^  than 
HTPM  that  allows  to  state  that  the  discussed  phase  polymorphous  transformation  is  enantiotropic  one. 
Some  results  of  presented  discussion  are  shown  in  Fig.  1 . 

2.2.  Structure  of  vitreous  GeSe2 

Several  structural  models  of  vitreous  GeSe2  are  known. 

The  model  of  a  continuous  random  network  (1973)  of  Poltavtsev  and  Pozdniakova  [25]  is 
practically  not  distinctive  from  Zachariazen’s  model  -  all  GeSe4/2  tetrahedrons  are  connected  in 
vertexes  through  Se  atoms. 

In  1979  Bridenbaugh,  Phillips,  Griffits  and  others  [26]  proposed  a  layered  structure  for  v- 
GeSe2  constructed  from  large  ribbon-like  structural  units  (clusters)  called  by  the  authors  outrigger- 
raft”.  These  structural  units  are  obtained  by  extraction  from  the  layer  of  HTPM.  Along  edges  of 
ribbons  the  Se  atoms  are  joined  in  pairs  by  Se-Se  bonds. 

In  the  beginning  of  eighties  works  of  Lucovsky  and  others  [27]  and  Nemanih  and  others  [28] 
were  published  where  authors  proposed  models  of  structure  containing  both  tetrahedrons,  connected 
along  edges,  and  tetrahedrons,  connected  in  vertexes  that  is  the  model  of  chemically  ordered 
continuous  random  network. 
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Fig,  1.  Varieties  of  condensed  state  of  GeSe2, 


In  1986-87  Sugai  [23,  29]  proposed  a  new  stochastic  random  network  model  of  germanium 
and  silicon  chalcogenides.  The  model  is  based  on  author’s  experiments  who  discovered  existence  of 
two  different  microcrystalline  states  (phases)  -  HTPM  and  LTPM  obtained  by  photo- irradiation  of 
vitreous  GeSe2  samples  (and  also  obtained  by  vacuum  deposition  of  amorphous  films)  by  the  beam  of 
He-Ne  laser  (6328  A)  of  various  intensity  -  higher  and  lower  than  the  threshold  («0.7  kW/cm^).  The 
stochastic  random  network  model  is  characterized  by  one  parameter  P  representing  the  probability  of 
the  ratio  of  chemical  bonds  of  edge-shared  tetrahedrons  and  chemical  bonds  of  comer-shared 
tetrahedrons.  P  can  be  changed:  it  decreases  at  irradiation  with  intensity  lower  than  the  threshold  and 
increases  at  irradiation  with  intensity  higher  than  the  threshold.  The  stochastic  model  gives,  in  the 
author’s  opinion,  equal  possibilities  for  photo-induced  crystallization  in  two  different  crystalline 
phases  while  the  ‘‘outrigger-raft’  model  only  one  possibility. 

Change  of  the  ratio  of  chemical  bonds  of  edge-shared  tetrahedrons  and  corner-shared 
tetrahedrons  (P)  that  was  concluded  basing  on  comparison  of  intensities  of  corresponding  modes  of 
Raman  scattering  Ai^  (219  cm“^)  and  Ai  (202  cm‘^)  was  confirmed  by  other  investigators  as  well.  It  is 
known  [22-23]  that  Raman-spectra  of  HTPM  are  characterized  by  intensive  bands  21 1  and  216  cm  \ 
and  LTPM  is  characterized  by  201  cm’^  band.  The  works  [22,  30-32]  expand  and  make  deeper 
investigations  of  problems  studied  by  Sugai,  confirming  in  the  first  place,  presence  of  comer-shared 
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and  edge-shared  tetrahedrons  in  glass  and  glass-forming  liquids,  and,  in  the  second  place,  fixing  their 
different  quantitative  ratio. 

2.3.  Outdated  ideas  -  the  deadlock  for  solving  problems  of  glass  structure 

Sugai  has  constructed  his  model  from  stochastically  joined  in  three-dimensional  network  two 
types  of  “molecules’’:  tetrahedrons  GeSe4/2  and  edge-shared  tetrahedrons  Se2/2GeSe2GeSe2/2  [26] 
leaving  aside  the  problem  of  short-range  and  intermediate-range  ordering. 

In  works  [22,  27,  28,  31,  32]  the  problem  of  the  short-range  and  intermediate-range  ordering 
has  been  mentioned  directly  or  indirectly,  but  only  the  question  of  similarity  of  the  intermediate-range 
order  of  glass  and  liquid  to  HTPM  stiucture  has  been  discussed.  For  example,  in  the  work  [32]  it  has 
been  stated  that  at  lesser  liquid’s  cooling  rates  the  medium-range  structure  is  topologically  more 
similar  to  a  crystal  structure.  At  that,  a  layered  crystal,  i.e.  HTPM,  is  meant.  The  short-range  ordering, 
if  mentioned,  has  been  considered  in  passing,  without  any  detailed  analysis. 

As  we  can  see,  one  of  the  most  important  aspects  in  all  considered  models  of  structure  of  non- 
ciystalline  germanium  diselenide  is  the  aspect  concerning  conservation  of  similarity  of  its  structure  to 
the  structure  of  crystalline  germanium  diselenide.  Such  approach  is  also  typical  for  another  non¬ 
crystalline  substances  (for  example,  for  v-Si02)  beginning  from  Lebedev  [5]  and  Zachariasen  [8].  For 
example,  since  Zachariasen’s  times  it  is  considered  that  the  short-range  order  (SRO)  in  glass  and 
crystal  is  the  same.  In  this  seemingly  natural  thesis  a  deadlock  for  solving  the  problem  of  glass 
structure  has  been  made  long  ago. 

During  about  20  last  years  most  investigators  of  non-crystalline  substance  structure  have  been 
already  saying  about  the  intermediate-range  order  in  non-crystalline  substance  outside  limits  of  the 
short-range  order.  The  progress  is  evident.  The  situation  has  been  lead  out  to  the  higher  level  of 
understanding.  But  the  deadlock  has  not  been  broken  yet.  There  is  no  a  generally  accepted  definition 
of  the  IRO.  There  is  no  understanding  of  insufficiency,  and  moreover  -  falseness,  of  the  concept  of 
presence  in  an  individual  non-crystalline  substance  of  a  single  short-range  order  and  a  single 
intermediate-range  order. 

The  exit  of  the  deadlock  has  been  proposed  in  the  CPPCSGL  concept  [11-15].  In  the 
framework  of  this  concept  the  definition  of  IRO  has  been  formulated,  the  notion  of  multiplicity  short- 
and  intermediate-range  orders  in  an  individual  non-crystalline  substance  has  been  introduced 
corresponding  multiplicity  of  different  polymorphous  modifications  taking  part  in  formation  of  its 
structure.  Therefore,  the  described  deadlock  situation  has  been  liquidated  and  the  way  for  further 
development  of  understanding  of  an  individual  non-crystalline,  and  particularly  vitreous,  substance 
structure  has  been  opened. 

According  to  the  CPPCSGL  concept,  the  feature  of  the  short-range  ordering  in  vitreous  GeSe2 
is  presence,  mainly,  of  two  types  of  SRO,  with  two  different  atoms  taken  as  a  reference  point.  In  the 
first  case  it  is  a  germanium  atom  surrounded  by  four  selenium  atoms  GeSe4/2,  and,  in  the  second  case, 
it  is  a  selenium  atom  surrounded  by  two  germanium  atoms  SeGe2/4.  As  we  can  see,  both  SROs  are  in 
agreement  with  the  principle  of  the  chemically  ordered  network  [27,  28].  It  must  be  noted  straight 
away  that  each  of  these  SROs  has  its  own  variations:  differences  in  bond  lengths  Ge-Se  and  interbond 
angles  Ge-Se-Ge  and  Se-Ge-Se  in  corner-shared  and  edge-shared  GeSe4/2  [28],  i.e.  SROs  around  Ge 
atoms  and  SROs  around  Se  atoms  in  LTPM  and  HTPM  are  different. 

The  intermediate-range  ordering  in  v-GeSe2  is  characterized  mainly  by  two  alternating 
intermediate-range  orders:  IRO  inherent  to  HTPM  (two-dimensional  layered  structure)  and  IRO 
adopted  from  LTPM  (three-dimensional  network  structure).  Each  of  these  IROs  includes  variations  of 
the  short-range  order  corresponding  to  one  or  another  PM. 

On  the  base  of  mentioned  works  [22,  23,  27-29, 31,  32],  from  positions  of  the  concept 
of  polymeric  polymorphous-crystalloid  structure,  the  conclusion  has  been  made  [13,  15,  33]  that  the 
structure  of  vitreous  GeSe2  (and  glass-forming  liquid)  is  formed  by  co-polymerized  (de-polymerized) 
crystalloids  (structural  fragments  without  a  long-range  order)  of  layered  (two-dimensional)  HTPM 
and  three-dimensional  LTPM  which  are  joined  in  glass  in  a  single  three-dimensional  network 
characterized  by  alternation  of  mainly  two  intermediate  orders  inherent  to  HTPM  and  LTPM. 
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2.4.  Structure  of  GeSe2  amorphous  films  and  liquid 

According  to  Sugai’s  data  [29]  Raman  spectra  of  amorphous  GeSe2  films  obtained  by  vacuum 
deposition  show  the  structure  similar  to  that  of  glass  obtained  by  quenching  from  melt  shows. 

Data  on  viscosity  of  Ge-Se  liquid  [37]  show  that  GeSe2  in  the  liquid  state  starting  from  melt 
temperature  ~740  to  ~1000  ”C  behaves  as  a  chemical  compound,  i.e.  its  short-range  ordering  is 
similar  to  that  of  the  crystal  substance.  The  structure  of  the  glass-forming  liquid  is,  according  to  the 
Tool’s  kinetic  theory  of  glass-formation  [3],  a  “precursor”,  and,  taking  into  account  fictitious,  or 
structural  temperature  Tf,  an  analogue  of  glass  structure. 

Investigations  of  GaSe2  melt  at  771  '’C  by  the  neutron  diffraction  method  have  shown  that  its 
structure  is  mainly  analogous  to  glass  structure  [30]. 

Authors  of  the  work  [31]  assumed  that  similarity  of  liquid  and  glass  structures  is  confirmed 
by  similarity  of  Raman  spectra  of  vitreous  samples  at  420  “C  and  melt  at  730  ®C. 

Thus,  there  is  no  principal  difference  between  structures  of  glass,  deposited  films  and  glass¬ 
forming  liquid.  So,  the  conclusion  can  be  made  about  similarity  of  structures  of  glass,  obtained  by 
quenching  from  melt,  films,  obtained  by  vacuum  deposition,  and  liquid.  Difference  of  their  structures, 
one  can  think,  is  concluded  in  the  extent  of  co-polymerization  of  crystalloids  which  is  the  most  in 
solid  glass,  some  lesser  in  deposited  films,  and  even  lesser  in  liquid.  As  for  structures  of  solid  glass, 
obtained  in  different  conditions,  or  liquids  at  different  temperatures,  they  differ,  in  accordance  with 
the  CPPCSGL,  in  ratio  of  crystalloids  of  different  PMs,  and,  seemingly,  in  their  dimensions  -  the 
higher  the  temperature  of  tempering  the  lesser  the  dimensions. 

2.5.  Relaxation  processes  in  vitreous  GeSei  at  heating.  Physical-chemical  essence  of  glass 
transition  temperature  Tg 

In  the  temperature  range  of  250-350  **€  which  directly  precedes  the  glass-transition 
temperature  (Tg  according  to  several  authors  lays  in  the  range  of  335-392  [20,  31,  38])  smooth 

exothermal  rise  is  observed  on  the  thermogram  of  differential  scanning  calorimetry  (DSC)  obtained  at 
10  K/min  heating  rate  [38].  Raman-spectra  at  temperatures  250,  300  and  350  °C  show  some  increase 
of  relative  intensity  of  Ai  band  inherent  to  LTPM  (201  cm"')  and  decrease  of  intensity  of  HTPM  band 
(216  cm-')  [31]. 

It  is  known  that  for  individual  substances  the  transition  from  HTPM  to  LTPM  is  followed  by 
exothermal  effect  [39].  Therefore,  data  of  DSC  and  Raman-spectra  evidence  that  at  heating  of  GeSe2 
glass  in  the  temperature  interval  that  precedes  Tg  a  partial  transformation  of  HTPM  crystalloids  in 
LTPM  crystalloids  takes  place  with  concentration  increase  of  the  latter  that  is  confirmed  by  annealing 
of  non-crystalline  GeSe2  films  at  325  ®C  leading  to  LTPM  crystallization  [22].  DSC  and  Raman- 
spectra  in  described  experiments  show  transformation  of  a  part  of  containing  in  glass  HTPM 
crystalloids  in  LTPM  crystalloids  in  the  range  “~250  ®C  -  Tg”  -  the  process  that  can  be  identified  as 
the  latent  period  preceding  LTPM  crystallization. 

Higher  Tg  temperature  on  DSC  thermogram  [38]  the  endothermal  effect  is  observed.  The 
Raman-spectrum  [31]  shows  decrease  of  Aj  band  intensity  that  characterizes  vibrations  of  comer- 
shared  tetrahedrons,  and  increase  of  Aj®  band  intensity  that  characterizes  edge-shared  tetrahedrons 
(HTPM).  The  ratio  of  band  intensities  I(Ai'):I(Ai)  changes  from  1 :3  (below  Tg)  to  1 :1  in  the  range  Tg- 
Tc  (Tc  -  the  crystallization  temperature).  The  1 : 1  ratio  characterizes  overcooled  liquid  just  before  the 
beginning  of  HTPM  ciystallization  that  coincides  with  the  ratio  of  comer-shared  and  edge-shared 
tetrahedrons,  also  equal  1:1,  for  crystallized  HTPM.  This  fact  allows  to  evaluate  quantity  of  corner- 
shared  and  edge-shared  tetrahedrons  fi'om  the  ratio  of  band  intensities  of  Raman-spectra,  and  this  way 
a  share  of  structural  fragments  (crystalloids)  of  HTPM  and  LTPM  in  glass  and  glass-forming  liquid. 
In  the  interval  “Tg-Te”  the  Raman-spectra,  therefore,  show  disintegration  of  LTPM  and  growth  of 
HTPM  crystalloids  concentration. 

The  polymorphous  transition  of  LTPM  in  HTPM  is  followed,  as  it  is  known,  by  endothermal 
effect  [39]  that  is  just  observed  in  DSC  thermogram  at  temperatures  higher  Tg.  The  endothermal  effect 
related  with  softening  temperature  of  glass,  formed  from  individual  chemical  substance  with 
enantiotropic  transformation  in  crystal  state,  represents  energy  (heat)  absorbed  by  glass  at  stmctural 
transformation  of  LTPM  crystalloids  in  HTPM  crystalloids  that  is  a  part  of  polymorphous 
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transformation  heat  at  enantiotropic  transition  LTPM  — >  HTPM  in  crystal  substance.  If  the  latter  is 
known,  it  is  possible,  having  measured  energy  absorbed  at  glass  softening,  to  evaluate  concentration 
of  HTPM  and  LTPM  crystalloids  ratio  in  glass.  It  would  be  rather  useful  to  compare  such  evaluation 
with  evaluation  of  concentration  ratio  HTPM  — >  LTPM  based  on  ratio  of  intensities  of  Raman-spectra 
bands.  Thus,  both  DSC  and  Raman-spectra  evidence  that  in  the  temperature  range  of  Tg  instability  of 
LTPM  structure  fragments  is  observed  that  is  also  confirmed  by  annealing  of  non-crystalline  GeSej 
films  at  425  ®C  (some  lower  than  Tc  in  DSC  thermograms)  leading  to  HTPM  crystallization  [22]. 

If  at  crystallization  of  non-crystalline  GeSe2  films  at  325  “C  LTPM  is  formed  and  at  425  “C 
HTPM  is  formed,  it  means  that  in  the  interval  of  325-425  ®C  the  equilibrium  temperature  between 
these  crystal  modifications  is  located,  i.e.  the  temperature  of  their  enantiotropic  transformation  Tir. 

Therefore,  at  heating  of  glass  in  the  range  which  directly  precedes  Tg,  transformation  of 
HTPM  structure  fragments  (crystalloids)  in  LTPM  crystalloids  takes  place.  Higher  Tg,  in  the  Tg-Tc 
interval,  a  transformation  process  goes  (and  significantly  more  intensive  due  to  higher  temperature)  in 
reverse  direction.  Tg  expresses  itself  as  a  temperature  point  where  inversion  of  inter-transformation  of 
structural  fragments  of  HTPM  and  LTPM  takes  place,  as  a  temperature  point  separating  stability 
regions  of  LTPM  and  HTPM  crystalloids  of  GeSe2,  regions  in  which  latent  processes  in  glass  take 
place  preceding  LTPM  crystallization  (lower  Tg)  and  HTPM  crystallization  (higher  Tg),  and  processes 
of  glass  softening,  its  de-polymerization  and  transformation  in  super-cooled  liquid  followed  by 
increase  of  HTPM  crystalloids  concentration  and  their  consequent  ciystallization.  Tg  is  genetically 
related  with  temperature  of  enantiotropic  transformation  T,r  in  crystal  substance;  Tg  in  glass  is 
analogous  to  T,r  in  crystal  substance. 

If  glass  is  heated  with  the  rate  at  which  HTPM:LTPM  crystalloids  ratio  do  not  reach  a  critical 
level  for  the  beginning  of  crystallization  during  the  time  of  passing  the  Tg-Tm  interval  (T^  —  the 
melting  temperature),  the  substance  will  pass  the  temperature  interval  of  super-cooled  liquid  existence 
without  crystallization  and  come  to  liquid  state  at  T^.  At  lesser  heating  rates,  the  substance 
crystallizes  and  then  this  crystalline  HTPM  phase  melts. 

2.6.  Relaxation  of  glass-forming  liquid 

In  the  work  [37]  it  is  shown  that  just  after  melting  (higher  than  712  “C)  of  HTPM  GeSe2  films 
the  intensity  of  band  (HTPM)  decreases  and  intensity  of  Ai  band  (LTPM)  increases  that  evidences, 
in  our  opinion,  on  generation  in  liquid,  along  with  HTPM  structural  fragments,  of  LTPM  structural 
fragments.  At  increasing  liquid  temperature  to  720-730  ^C,  as  it  was  noted  before,  the  band  intensity 
ratio  shifts  to  increase  of  LTPM  crystalloid  concentration. 

The  fact  of  generation  of  both  HTPM  and  LTPM  in  melt  along  with  mentioned  data  on 
polymorphous-crystalline  structure  of  liquid  is  very  important:  cooling  such  melt  below  Tg  will  lead 
to  co-polymerization  of  structural  fragments  (ciystalloids)  of  different  PMs  that  obstructs  melt 
crystallization,  increase  viscosity  of  melt  and  promotes  glass  formation. 

Liquid  state  at  certain  temperature  is  characterized  by  a  certain  concentration  ratio  of 
crystalloids  of  different  PMs.  At  temperature  changes  the  inverse  reaction  of  crystalloids  inter- 
transformation  takes  place:  HTPM  ->LTPM. 

During  cooling  of  liquid  below  the  melting  temperature  there  are  two  main  processes  take 
place.  The  first  one  is  the  process  of  co-polymerization  of  crystalloids  of  different  PMs  leading  to 
viscosity  increase  and  obstructing  melt  crystallization. 

The  second  process  is  conditioned  by  the  fact  of  passing  of  liquid  of  the  HTPM  stability  range 
and  LTPM  instability  range  in  the  interval  Tn,-T,r-  It  is  naturally  to  expect  that  in  these  conditions 
crystalloids  inter-transformation  will  be  shifted  in  direction  of  HTPM  fragments  concentration 
increase  and  LTPM  fragments  disintegration  is  becoming  apparent  as  the  process  of  de¬ 
polymerization  of  super-cooled  liquid  going  along  with  the  main  process  of  its  polymerization. 

At  high  cooling  rate  the  first  process  (co-polymerization)  prevails,  overcooled  liquid  passes 
the  LTPM  instability  range,  having  conserved,  along  with  increasing  PITPM  crystalloids 
concentration  which  is  sufficient  for  glass  formation,  LTPM  crystalloids  concentration.  Then  the 
substance  is  cooled  being  in  glass  state. 
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If  the  cooling  rates  is  less  than  critical  one,  all  LTPM  crystalloids  have  enough  time  to 
transform  in  HTPM  crystalloids  before  reaching  the  temperature  range  (T<  Ttr)  where  LTPM  is  stable 
and  HTPM  is  unstable.  In  this  case  super-cooled  liquid  crystallizes  as  HTPM. 

Long  aging  of  cooled  substance  at  temperature  directly  under  Tg  in  the  high-temperature  part 
of  the  LTPM  stability  range  can  lead  to  glass  crystallization  as  LTPM,  as  it  was  shown  for  amorphous 
GeSe2  films  annealed  at  325  ®C  [22]. 

Thus,  relaxation  of  GeSe2  glass-forming  liquid  at  cooling,  depending  on  change  of  the 
temperature  factor,  can  results  in  formation  of  glass,  HTPM  or  LTPM. 

2.7.  Relaxation  processes  in  vitreous  GeSe2  caused  by  photo-irradiation 

Let  us  consider  now  relaxation  processes  taking  place  in  the  result  of  the  other  type  of 
external  influence  -  photo-irradiation,  in  particular  He-Ne  laser  irradiation  (^,=6328  A). 

In  fresh  vacuum  deposited  non-crystalline  GeSe2  films  at  He-Ne  laser  irradiation  a  shift  of 
optical  absorption  edge  is  observed  in  the  direction  of  shorter  (the  yellow  region)  wave  lengths 
(photo-enlightenment)  at  300  K  and  in  the  direction  of  longer  (the  red  region)  wave  lengths  (photo- 
darkening)  at  77  K  [40]. 

In  the  Sugai’s  experiment  [23]  the  luminous  flux  of  the  He-Ne  laser  (less  than  0.7  kW/cm^) 
changed  the  intensities  ratio  I(Ai‘'):I(Ai)  bands  from  0.43  to  0.33  (the  shift  in  the  direction  of  LPTM 
concentration  increase).  At  the  flux  more  than  0.7  kW/cm^  the  intensities  ratio  I(Ai‘^):I(Ai)  changed 
from  0.43  to  1.0.  (the  shift  in  the  direction  of  HTPM,  to  the  yellow  region  of  the  spectrum).  In  this 
experiment  it  was  possible  either  to  crystallize  LTPM  of  red  color  (in  the  first  case)  or  to  crystallize 
HTPM  of  yellow  color  (in  the  second  case). 

The  shift  of  the  adsorption  edge  in  the  process  of  photo-irradiation  (with  corresponding 
change  of  the  band  intensities  ratio  responsible  for  LTPM  and  HTPM)  visually,  in  color  (yellow-red), 
demonstrates  the  physical-chemical  nature  of  relaxation  processes  -  mutual  transformation  of 
structural  fragments  of  different  PMs  preceding  photoinduced  crystallization. 

Photo(thermo)-darkening  and  photo(thermo)-enlightenment  are  photo(thenno)-indication  of 
the  latent  pre-crystallization  processes  -  the  processes  of  transformation  of  HTPM  crystalloids  in 
LTPM  ciystalloids  at  darkening  and  LTPM  crystalloids  in  HTPM  crystalloids  at  enlightenment  taking 
place  during  the  latent  periods  which  directly  precede  crystallization  of  LTPM  and  HTPM. 

2.8.  High  pressure  and  relaxation  processes  in  GeSe2 

The  relaxation  process  of  crystalline  HTPM  of  GeSe2  under  influence  of  high  pressure  with 
phase  identification  by  Raman-spectroscopy  goes  as  follows  [19].  Single  crystal  HTPM  at  pressure 
increase  to  6,2  GPa  loses  its  crystal  structure  completely  and  tmsforms  in  disordered  non-crystalline 
substance,  the  color  of  the  sample  being  changed  from  yellow  to  red.  At  further  pressure  increase  to  7 
GPa  the  transition  from  the  disordered  phase  to  the  crystalline  low-temperature  polymorphous 
modification  of  GeSe2  is  observed.  Further  pressure  increase  (8-12.5  GPa)  leads  to  transformation  of 
LTPM  in  the  disordered  phase  that  becomes  dark  and  nontransparent.  If  pressure  was  not  higher  than 
10  GPa,  the  process  turned  out  to  be  reversible:  pressure  removal  caused  GeSe2  relaxation  leading  to 
recovering  of  HTPM.  Correspondingly,  the  color  reverse  takes  place  to  yellow  color. 

The  character  of  Raman-spectra  change,  given  in  [19],  as  well  as  change  of  the  sample  color 
both  at  increase  and  removal  of  pressure,  allow  on  the  base  of  CPPCSGL  to  make  the  conclusion  that 
relaxation  of  GeSe2  at  pressure  increase  present  gradual  transformation  of  HTPM  in  LTPM  with 
formation  of  an  intermediate  phase  cocnsisting  of  cristalloids  of  both  PMs  which  concentration  ratio 
changes  with  pressure  change:  at  its  increase  to  7  GPa  LTPM  crystalloids  concentration  increases  and 
HTPM  crystalloids  concentration  decreases.  The  reverse  process  takes  place  at  pressure  decrease 
(from  7  GPa). 

Pressure  increase  higher  8  GPa  leads  to  LTPM  destruction  and  formation  of  crystalloids  of 
some  new,  in  our  opinion,  polymorphous  modification  and,  as  a  result  of  that,  the  intermediate 
disordered  phase  is  formed  again.  At  further  pressure  increase  higher  12.5  GPa  the  crystalloids 
concentration  of  the  new  PM  can,  finally,  reach  100%  and  then  a  new  crystalline  phase  of  high 
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pressure  will  appear,  possibly  one  of  that  mentioned  in  the  beginning  of  this  paper.  We  suggest  this 
prognosis  basing  on  main  theses  of  CPPCSGG  [1 1-15]. 

3.  Chalcogenides  GeS2,  SiSe2,  SiSa.  Relaxation  processes  in  glass  under 
influence  of  photo-irradiation 

GeS2,  like  GeSea,  exists  at  normal  pressure  as  high-temperature  and  low-temperature 
polymorphous  modifications  (HTPM  and  LTPM).  The  former  forms  a  layered  structure  from 
tetrahedrons  GeSe4/2,  one  half  of  which  are  corner-shared  and  the  other  -  edge-shared.  The  latter 
presents  a  three-dimensional  network  of  corner-shared  tetrahedrons.  GeS2  glass,  according  to 
interpretation  of  Raman-spectra  and  diffractometry  data,  built  of  corner-shared  and  edge-shared 
tetrahedrons,  the  average  distance  between  atoms  Ge-S  corresponds  with  good  approximation  to  bond 
lengths  of  both  crystal  PMs  [20]  that  evidences  in  favor  of  the  concept  of  polymorphous-crystalloid 
structure  of  glass  according  to  which  glass  consists  of  co-polymerized  fragments  of  structure  of 
different  PMs  without  a  long-range  order  (crystalloids)  [18].  Tg  of  v-GeS2  is  equal  to  495  that 
practically  coincides  with  the  phase  equilibrium  temperature  of  HTPM  and  LTPM  (with  S  excess)  in 
the  Ge-S  phase  diagram  [20],  i.e.  here  also,  like  the  case  of  GeSe2,  a  genetic  relation  is  observed 
between  Tg  and  the  temperature  of  enantiotropic  polymorphous  transformation  [33-36]. 

Photoinduced  crystallization  of  vitreous  GeS2  according  to  Sugai's  data  [29]  causes, 
depending  on  radiation  intensity,  crystallization  of  LTPM  or  HTPM  that  shows  complete  analogy  of 
relaxation  processes  taking  place  in  GeS2  and  GeSe2  at  photo  irradiation. 

Unlike  germanium  chalcogenides,  SiS2  and  SiSe2  have  HTPM  where  all  tetrahedrons  are 
edge-shared. 

Glass  structures  SiS2,  SiSe2,  GeS2,  GeSe2,  according  to  Sugai  [29],  can  be  characterized  by 
one  parameter  P  representing  a  ratio  of  probabilities  of  existence  of  edge-shared  and  comer-shared 
bonds  between  tetrahedrons.  Value  of  P  can  be  changed  by  photo-irradiation.  P  decreases  after 
irradiation  with  intensity  lesser  than  the  threshold  and  increases  if  intensity  is  higher  than  the 
threshold.  For  example,  at  irradiation  of  SiSe2  glass  by  Ar-ion  laser  (4579  A)  with  15  mW  power 
during  310  min  the  intensity  ratio  I(Ai^):  l(Ai)  decreases  from  2.3  (P=1.05)  to  1.8  (P=0.8)  while 
irradiation  with  30  mW  power  during  just  10  min  increases  I(Ai^):  I(Ai)  to  3.0  (P==1.41).  Sugai's 
experiments  are  in  complete  compliance  with  our  polymorhous-crystalloid  concept  of  structure  of 
these  glasses  and  show  that  physical-chemical  essence  of  processes  taking  place  in  vitreous  disulfides 
and  diselenides  of  germanium  and  silicon  effected  by  photo-irradiation  is  mutual  transformation  of 
structural  fragments  of  edge-shared  and  corner-shared  tetrahedrons  AX4/2,  i.e.  mutual  transformation 
of  HTPM  and  LTPM  crystalloids:  HTPM  LTPM.  If  intensity  of  the  external  impact  changes  and 
exceeds  a  threshold,  the  direction  of  crystalloids  transformation  changes  to  the  opposite  direction  that 
reflects  ability  of  given  substances  to  undergo  enantiotropic  polymorphous  transformation  in  crystal 
state. 


4.  Arsenic  selenide  AssoSeso.  Relaxation  processes* 

Crystalline  arsenic  selenide  AssqSqso  exists  in  two  polymorphous  modifications.  LTPM  is 
isomorphic  to  molecular  modification  As4Se4.  HTPM  is  not  identified  comprehensively  by  X-ray 
analysis.  In  works  [41,  42]  diffractograms  of  both  PM  are  presented. 

Annealing  of  amorphous  films  AssoScso  obtained  by  vacuum  deposition  at  temperatures  less 
than  Tg  (~180  ^C)  leads  to  crystallization  of  LTPM,  and  at  temperatures  higher  than  Tg  -  to 
crystallization  of  HTPM  [42].  This  situation  is  similar  to  situation  with  GeSe2  films  behavior 
described  earlier  and  evidences  that  amorphous  As5oSe5o  is  apparently  formed  by  crystalloids  of  both 
PMs.  At  T<Tg  the  process  of  transformation  of  crystalloids  HTPM-^LTPM  and  crystallization  of  the 
latter  take  place.  At  T>Tg  the  relaxation  takes  place  in  direction  of  HTPM  concentration  increase. 
Like  the  case  of  v-GeSe2  the  softening  temperature  is  in  this  case  a  point  where  the  reverse  of  mutual 
transformation  direction  HTPM->LTPM  takes  place  that  is  the  analog  of  the  enantiotropic 
transformation  in  crystalline  substance.  Thus,  the  relaxation  of  amorphous  As5oSe5o  also  goes  by  two 
ways  determined  by  heating  temperature  of  films  and  results  in  two-variant  crystallization  depending 
on  annealing  temperature:  as  LTPM  or  as  HTPM.  The  additional  confirmation  of  this  relaxation 
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model  are  data  of  differential  scanning  calorimetry  of  AssoSeso  films  [42]  that  show  two  exothermal 
peaks  one  of  which  is  lower  Tg  and  another  is  higher  Tg.  This  model  is  well  blended  with  the 
experiment  on  photo-amorphization  of  crystallized  as  LTPM  AssoSeso  films  [42,  43].  From  the 
CPPCSGL  point  of  view  the  process  of  transformation  of  LTPM  in  HTPM  is  taking  place  (but  not 
finishing)  here.  The  result  is  the  formation  of  a  structure  containing  crystalloids  of  both  PMs  with  the 
concentration  ratio  depending  on  time  and  intensity  of  radiation.  Increase  of  duration  or  intensity  of 
these  two  factors  must  lead  to  crystallization  of  amorphous  films  as  HTPM.  Authors  [42]  have 
interpreted  described  relaxation  processes  differently  in  some  respects,  although  they  are  close  enough 
to  our  point  of  view.  They  consider  that  AssoSeso  glass  has  two  structural  modifications  related 
correspondingly  to  low-  and  high  temperature  forms  of  crystal.  Irradiation  and  annealing  can  move 
glass  from  one  modification  to  another. 

Assumptions  of  existence  of  different  modifications  of  non-crystalline,  including  vitreous, 
substance  have  been  proposed  during  more  than  20  last  years.  Some  data  on  that  are  presented  in  [1 1, 
page  50].  It  has  been  also  shown  there,  based  on  the  concept  of  polymorphous-crystalloid  structure  of 
non-crystalline  substance  making  first  steps  that  time  and  being  a  general  case  of  CPPCSGL,  that 
"poly-amorphism"  does  not  exist  in  the  nature,  and  "polyforms"  of  non-crystalline  substance 
represent  a  composition  of  structural  fragments  of  different  PMs  witliout  long-range  order,  having 
different  concentration  ratios  which  are  able  to  change  from  0  to  1  depending  on  time  and  intensity  of 
external  influence.  During  the  last  20  years,  neither  proofs  of  existence  of  amorphous  polyforms  nor  a 
strict  definition  of  this  notion  have  appeared.  The  "relationship"  sign  [42]  is  evidently  not  enough  for 
such  definition. 

5.  Selenium 

5.1.  Structure  of  crystalline  and  vitreous  selenium 

Selenium  forms  three  types  (a-,  P-  and  y-)  of  monoclinic  PM  [20]  which  structures  are 
constructed  from  molecules  Seg.  For  Seg  molecules  the  cis-configuration  in  arrangement  of  four 
consecutive  linked  atoms  is  inherent,  a-monoclinic  Se  melts  at  144  “C  and  spontaneously  transforms 
in  hexagonal  Se;  p-modification  behaves  similarly  but  at  temperatures  higher  than  100  ®C  [20]  (Fig.2). 

Rhombohedral  selenium  constructed  from  Ses  molecules  is  also  known  [44].  The 
thermodynamically  stable  Se  modification  is  hexagonal  PM  consisting  of  spiral  chains  of  atoms  [20] 
with  trans-configuration  atom  arrangement  in  four-fold  fragments  of  the  chain. 

Analysis  of  IR-  and  Raman-spectroscopy,  X-ray  diffractometry,  UV-photoelectron 
spectroscopy  data  as  well  as  structural  models  proposed  by  Lukovsky  [45]  and  other  authors  [20] 
allows  to  make  the  conclusion  based  on  CPPCSGL  [11-15]  that  vitreous  selenium  is  constructed  from 
a  tangle  of  chains  consisting  of  fragments  of  8-fold  rings  of  monoclinic  PM,  fragments  of  6-fold  rings 
of  rhombohedral  PM  (in  smaller  amount)  and  fragments  of  chains  of  hexagonal  selenium  [46]. 

5.2.  Structural  relaxation  In  crystalline  and  vitreous  selenium  under  temperature 
influence 

Relaxation  processes  in  metastable  PMs  (MSPM)  at  temperature  influence  manifest 
themselves  on  phenomenological  level  as  polymorphous  transformations  “monoclinic  PM 
hexagonal  PM”  (in  single  crystal  samples  the  beginning  of  transformation  is  fixed  after  heating  during 
630  min  at  70  ®C  [47]  and  “rhombohedral  PM  ->  hexagonal  PM”  at  temperature  higher  105  “C  [44]. 
Both  transformations  are  characterized  by  irreversibility  that  shows  monotropic  character  of  the 
performing  phase  transition. 

Investigations  of  viscosity-elastic  properties  and  strain  relaxation  in  vitreous  selenium,  carried 
out  by  Bomer  and  Angel  [47],  have  shown  that  at  heating  of  glass  in  the  temperature  range  of 
27-42  °C  the  fraction  of  ring-like  conformations  sharply  decreases  and  the  fraction  of  chain-like 
conformations  sharply  increases  in  softening  glass  structure  (Tg  »  37+10  ®C).  Such  change  of  “ring- 
chain”  ratio  is  identified  by  authors  as  a  phase  transition  between  ring  and  chain  structures.  From 
CPPCSGL  positions  the  presented  facts  are  considered  as  structural  transformation  in  glass  Se  phase 
of  crystalloids  of  monoclinic  MSPM  in  crystalloids  of  stable  hexagonal  PM  (SPM),  as  the  latent  pre- 
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crystallization  period  preceding  crystallization  of  hexagonal  SPM.  The  beginning  of  this 
crystallization  is  fixed  at  50  ®C  [48]. 


As  it  can  be  seen  from  presented  data,  relaxation  processes  in  vitreous  selenium  taking  place 
at  heating  are  similar  to  that  in  crystal  substance  (transformation  of  MSPM  crystalloids  in  SPM 
crystalloids  -  “MSPM-»  SPM”),  but  they  begin  at  lower  temperatures  that  is  related,  in  our  opinion, 
with  greater  energy  of  the  disordered  glass  network,  with  heterogeneity  of  glass  structure  and  the 
activation  role  of  presented  structural  fragments  of  hexagonal  SPM. 

5.3.  Phenomenological  aspects  of  liquid  selenium  relaxation  at  cooling 

Heating  of  crystallized  hexagonal  PM  leads  to  its  melting  at  217  ®C.  Diffractometry  data,  as 
well  as  data  on  the  viscosity  temperature  dependence  [20, 48],  give  evidence  that  the  melt  structure  is 
very  similar  to  glass  structure  and  there  is  also  a  statistical  distribution  of  cis-  and  trans-  configuration 
of  selenium  that  is  characteristic  for  ring  and  chain  structures.  Formation  in  melt  of  fragments  of  SPM 
and  MSPM,  change  their  ratio  with  temperature  change  [48]  evidences  that  the  main  physical- 
chemical  feature  of  liquid  selenium  relaxation  is  mutual  transformation  of  SPM  and  MSPM 
crystalloids  “MSPM  — >  SPM”,  unlike  to  the  one-directional  transformation  "MSPM— >  SPM",-  in 
crystal  and  glass  states. 

Mutual  transformation  of  crystalloids  “SPM  ^  MSPM”  and  their  growing  polymorphous  co¬ 
polymerization  at  melt  cooling  is  the  main  cause  hindering  melt  crystallization  and  increasing  its 
viscosity  right  up  to  solid  glass  state.  However,  if  the  melt  cooling  rate  is  less  than  the  critical  cooling 
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rate  (CCR),  equal  to  20  K/min  [20],  all  crystalloids  of  MSPM  will  have  enough  time  during  cooling  to 
transform  in  crystalloids  of  stable  hexagonal  PM  and  super-cooled  liquid  will  crystallize.  This 
observed  fact  evidences  that  CCR  is  a  function  of  concentration  and  crystalloids  transformation  rate 
MSPM->  SPM. 

5.4.  Photo-irradiation  and  relaxation  processes  in  vitreous  selenium 

Sugai  [29]  investigated  the  process  of  photo-crystallization  in  vitreous  selenium  at  irradiation 
by  the  He-Ne  laser  (X=6328  A)  of  different  effective  incident  power  (4  W/cm^,  8  W/cm^  and 
8kW/cm^).  Raman  spectra  of  monoclinic  selenium  is  characterized  by  the  peak  at  251.5  cm’’ 
attributed  to  the  Ai  mode  of  Se  rings,  hexagonal  selenium  chains  are  characterized  by  the  234  cm  ' 
peak.  In  glass  spectra  bands  corresponding  to  modes  of  both  PM  are  observed.  At  irradiation  by  the 
laser  beam  with  increasing  effective  power  the  intensity  of  251.5  cm"'  band  decreases  to  almost 
complete  disappearance  at  0.8  kW/cm^  power  and  the  intensity  of  234  cm"'  band  increases  that 
evidences  on  transformation  of  monoclinic  modification  crystalloids  (cis-configuration  of  atom 
arrangement)  in  hexagonal  modification  crystalloids  (trans-configuration).  The  same  structural 
changes  are  observed  at  thermal  annealing. 

As  these  facts  show,  relaxation  processes  in  vitreous  Se  and  v-GeSea  under  temperature 
influence  and  He-Ne  laser  irradiation  are  principally  different.  The  relaxation  in  GeSe2  follows  two- 
variant  LTPM-  and  HTPM-crystallization  that  is  characteristic  for  substances  with  enantiotropic 
polymorphous  transformation. 

For  selenium  with  its  monotropic  polymorphous  transformations  in  crystal  state,  influence  of 
temperature  and  photo-irradiation  leads  to  the  single  way  of  structural  relaxation  in  glass  -  increase  of 
concentration  of  crystalloids  of  thermodynamically  stable  hexagonal  PM  at  the  expense  of  decrease  of 
concentration  of  structural  fragments  of  metastable  monoclinic  and,  possibly,  rhombohedral 
modifications.  As  the  result,  only  single-variant  crystallization  is  characteristic  for  v-Se. 


6.  Nanoheteromorphism  and  Ge-Se  glass-forming  system 

The  main  cause  and  physical-chemical  essence  of  glass  formation  is  co-polymerization  of 
different  fragments  of  structure  without  long-range  order.  Difference  in  fragment's  structures  do  not 
allow  co-polymerizing  substance  to  organize  translational  symmetry  (a  long-range  order),  i.e.  to  be 
crystallized. 

Nanoheteromorphism  in  non-crystalline  substance  is  co-existence  of  different  structural 
fragments  (structural  inhomogeneities)  having  no  long-range  order.  Nanoheteromorphism  and 
nanoheteromorphous  co-polymerization  are  the  necessary  and  sufficient  conditions  for  glass- 
formation. 

In  the  case  of  individual  chemical  substances  which  are  able  to  exist  in  non-crystalline, 
vitreous  in  particular,  state,  such  structural  fragments  are  crystalloids  of  different  polymorphous 
modifications.  If  glass  contains  more  than  one  component,  i.e.  it  is  formed  of  two  and  more  individual 
chemical  substances  (ICS),  presence  of  structural  fragments  of  these  ICS  is  sufficient  for  glass 
formation  irrespective  of  existence  or  non-existence  of  their  different  PMs. 

An  intermediate  variant  is  possible:  presence  in  glass  of  crystalloids  of  different  PMs 
modifications  of  one  of  ICS  and  structural  fragments  of  the  other  (others)  ICS  irrespective  of  its 
(theirs)  ability  to  form  polymorphous  modifications. 

Let  us  consider  from  this  point  of  view  the  glass-forming  system  Ge-Se.  The  glass-formation 
region  in  this  system  ranges  from  100  at.%  to  ~  45  at.%  Se  [20].  As  it  has  been  shown  before,  glass- 
formation  in  individual  chemical  substances  GeSej  and  Se  is  caused  by  co-polymerization  of 
crystalloids  of  different  PMs  of  GeSe2  and  Se.  At  adding  Se  to  GeSe2,  Se  atoms  are  built  in  between 
GeSe4/2  tetrahedrons  forming  at  first  two-  and  then  three-,  four-fold  chains,  etc.  When  reaching  Se 
content  of  80%,  all  tetrahedrons  turn  to  be  isolated  from  each  other  by  chemical  bonds  Se-Se  and,  as  a 
result,  all  crystalloids  belonging  to  HTPM  and  LTPM  of  GeSe2  turn  to  be  destructed.  (The  smallest 
crystal  loid  of  GeSe2  -  the  carrier  of  the  intermediate-range  order  of  this  or  that  PM  -  contains  two 
imited  tetrahedrons  having  common  Se  atom  (atoms).  It  means  that  in  the  composition  Ge2oSe8o  the 
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intermediate-range  order  (IRO),  which  is  characteristic  for  both  GeSe2  PMs,  vanishes  away.  All  Ge 
atoms  in  this  composition  are  connected  to  each  other  by  selenium’s  two-fold  chains  which  are  also 
not  characteristic  for  any  of  selenium  PMs  because  they  cannot  form  an  intermediate-range  order  for 
any  of  selenium  PMs.  The  minimum  quantity  of  atoms  necessary  for  formation  of  selenium  IRQ,  with 
cis-  or  trans-configuration  of  atom  arrangement,  is  four.  The  first  chain  of  4  selenium  atoms  appears 
(theoretically)  in  the  composition  where  Se:Ge  ratio  is  more  than  6:1  (Ge14.886Seg5.714). 

Thus,  glass-formation  in  ICS  GeSe2  and  Se  is  ensured  by  nanoheteromorphism  based  on 
crystalloids  inherent  to  different  PMs.  For  the  range  of  compositions  where  80. 0>  Se  >66.6(6)  at.%, 
nanoheteromorphism  is  based  on  presence  of  crystalloids  of  different  PMs  of  GeSe2  and  structural 
fragments  of  Se  composed  of  two-  and  three-fold  chains  and  not  being  IRQ  carriers  of  any  PM.  In  the 
range  of  compositions  where  80.0  <  Se  <  85.714  at.%,  there  are  no  structural  fragments  with  IRO  of 
GeSe2  or  Se.  Here,  nanoheteromorphisn  is  presented  by  structural  fragments  with  three  types  of  the 
short-range  order:  SRO,  which  is  typical  for  GeSe4,  SRO,  which  is  characteristic  for  three-fold  Se 
chains,  and  SRO,  which  is  typical  for  structural  fragments  consisting  from  a  selenium  atom  connected 
by  one  bond  (Ge-Se)  with  a  germanium  atom  and  by  one  bond  (Se-Se)  with  a  selenium  atom.  For  the 
range  of  compositions  85.7 14<  Se  <  100  at.%,  IROs  of  both  selenium  PMs,  SRO  of  GeSe4/2,and 
SRO,  where  selenium  atom  is  connected  with  germanium  atom  and  other  selenium  atom,  are  typical. 
From  above,  the  conclusion  can  be  made  that  in  Ge-Se  system  the  glass-formation  region,  which  is 
characterized  by  concentration  change  of  each  elements  of  more  than  40  at.%,  only  in  the  range  of 
-'5.7%  nanoheteromorphism  is  not  related  with  structural  fragments  of  different  polymorphous 
modifications. 

Thus,  in  pure  GeSe2  and  Se  the  basis  of  relaxation  processes  is  the  transformation  of 
crystalloids  of  one  PM  to  crystalloids  of  another  PM,  being  reversible  in  GeSe2  and  irreversible  in  Se. 
In  the  rest  compositions  relaxation  processes  are  related  with  structural  polymorphous  transformations 
either  partially,  or  (in  compositions  80.0  <  Se  <  85.714  at.%)  not  related  completely  and  follow  to  the 
classical  relaxation  theory  [49]. 

7*  Conclusion 

1.  Chalcogenides  of  Ge-Se  system,  individual  chalcogenides  GeS2,  SiSe2,  SiS2,  AsSe  and 
ehalcogen  Se  being  as  examples,  it  has  been  shown  that  glass  represents  a  co-polymer  of  structurally 
different  nanoheteromorphous  fragments  of  crystal  lattices  without  a  long-range  order. 
Nanoheteromorphism  and  co-polymerization  of  fragments  with  different  structures  is  the  main  cause 
hindering  crystallization  of  substance  when  liquid  is  cooled.  In  the  case  of  individual  chemical 
substance,  nanoheteromorphous  fragments  are  exclusively  structural  fragments  of  different  PMs  of 
given  substance  without  a  long-range  order  (crystalloids),  having  medium-range  order  inherent  to  one 
or  another  PM.  A  combination  of  different  medium-range  orders  is  the  main  feature  of  structure  of 
individual  chemical  substances  in  vitreous  state. 

2.  Glass-forming  melt  of  individual  chemical  substances  is  also  built  of  HTPM  and  LTPM 
crystalloids  in  the  case  of  substances  with  enantiotropic  polymorphous  transformation  in  crystal  state 
(GeSe2,  GeS2,  SiSe2,  SiS2,  AsSe),  or  it  is  built  of  SPM  and  MSPM  crystalloids  in  the  case  of 
substances  with  monotropic  transformation  (Se).  One  in  two  physical-chemical  essence  of  relaxation 
of  cooled  glass-forming  liquid  is  as  follows: 

a)  the  process  of  co-polymerization  of  crystalloids  of  HTPM  and  LTPM  (or  SPM 
and  MSPM),  and 

b)  the  process  of  disintegration  of  LTPM  (or  MSPM)  crystallods  in  the  range  of  their 
instability  lower  T^  followed  by  partial  de-polymerization  and  transformation  in 
HTPM  (SPM)  crystalloids  which  are  stable  in  this  temperature  region. 

At  cooling  rates  less  than  critical  one,  the  latter  process  prevails,  and  glass  crystallization  in 
the  form  of  HTPM  (or  SPM)  takes  place.  At  cooling  rates  higher  than  critical  one,  the  former  process 
prevails,  and  glass  -  co-polymer  of  HTPM  and  LTPM  (or  SPM  and  MSPM)  crystalloids  -  is  formed. 

3.  Relaxation  of  individual  vitreous  substance  at  heating  is  determined  by  relaxation  behavior 
of  its  crystal  analog  which,  at  heating,  undergoes:  a)  enantiotropic  or  b)  monotropic  polymorphous 
transformation. 
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In  the  a)  case,  at  slow  heating  or  annealing  lower  Tg  «  Tu  glass  crystallizes  in  the  form  of 
LTPM,  and  at  slow  heating  or  annealing  in  the  Tg  -  Tn,  interval  glass  crystallizes  in  the  form  of  HTPM 
(two-variant  crystallization).  Tg  represents  the  temperature  separating  stability  temperature  regions  of 
LTPM  and  HTPM  crystalloids,  the  temperature  where  inversion  of  mutual  transformation  direction  of 
LTPM  and  HTPM  structural  fragments  takes  place,  the  temperature  which  is  the  analog  of  the 
enantiotropic  transformation  temperature  Ttr  of  crystal  substance. 

In  the  b)  case  at  slow  heating  or  annealing,  glass  crystallizes  exclusively  in  the  form  of  SPM 
(one-variant  ciystallization).  Tg  is  the  temperature  of  the  beginning  of  the  active  stage  of 
transformation  of  MSPM  crystalloids  in  SPM  crystalloids. 

4.  The  main  physical-chemical  essence  of  relaxation  processes  in  glass  at  photo-irradiation  is 
mutual  transformation  of  LTPM  and  HTPM  crystalloids  or  transformation  of  MSPM  crystalloids  in 
SPM  crystalloids. 
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The  medium  range  order  in  disordered  chalcogenides  has  been  explained  by  the  existence  of 
reminiscent  crystal-like  configurations  with  distorted  arrangement  of  the  atoms.  Using  the 
paracrystalline  theory,  two  parameters  have  been  defined  for  the  characterization  of  the  MRO 
in  glass:  paracrystallite  thickness  and  paracrystallite  distortion. 
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1.  Introduction 

One  of  the  most  important  problems  in  the  physics  of  amorphous  materials  in  general  and 
non-crystalline  chalcogenides  in  particular  is  the  structure  at  the  atomic  scale.  The  extent  of  the  order 
in  a  disordered  material  is  still  a  subject  of  controversy  [1]. 

The  short-range  order  (SRO)  in  a  given  solid  is  related  to  the  chemical  bonding.  Therefore,  a 
profound  similarity  does  exist  between  the  SRO  in  crystalline  and  non-crystalline  state  of  the  same 
compound. 

The  medium-range  order  (MRO)  or  intermediate-range  order  (IRO)  is  defined  by  the 
correlation  between  the  positions  of  the  atoms  in  the  range  0.5  -  1  nm,  in  excess  of  those  expected  for 
an  ideal  Zachariasen-typc  continuous  random  network  characterized  by  a  random  dihedral  angle 
distribution  [2]. 

It  is  very  unlikely  that  a  detailed  physical  theory  will  be  developed  to  relate  all  macroscopic 
properties  of  glass  with  atomic  processes  without  providing  practical  means  of  defining  atomic 
geometry. 

The  “signature”  of  MRO  in  covalently  bonded  glasses  is  the  first  sharp  diffraction  peak 
(FSDP)  or  pre-peak  in  the  X-ray  diffraction  pattern,  1(0).  The  intensity,  half-width  and  position  of 
this  peak  on  the  scale  of  the  scattering  vector,  Q,  are  characteristic  for  every  material.  The  FSDP  of  an 
amorphous  solid  exhibits  high  sensitivity  against  temperature,  pressure,  aggregation  state,  etc.  [3-5]. 

The  FSDP  is  situated  at  low  Q  values  (1.0  -  1.5  A"^)  and  arises  probably  from  correlation  at 
distances  of  4.5  -  6.0  A  rather  than  from  simple  nearest  or  next  nearest  neighbours. 

In  this  paper  we  discuss  the  X-ray  diffraction  features  of  several  amorphous  solids  exhibiting 
FSDP,  with  special  emphasis  on  non-crystalline  chalcogenides,  in  the  frame  of  a  new  model  based  on 
the  paracrystalline  theory  of  Hosemann  [6],  proposed  for  disordered  materials. 

2*  Structural  models  for  medium-range  order 

Careful  analysis  of  the  X-ray  diffraction  patterns  in  many  amorphous  and  glassy  materials  has 
shown  that  FSDP  is  a  widely  observed  feature  (e.g.  in  a-As  [7],  a-Si02  [8],  a-As2Se3  [9])  but  not 
universal  (e.g.  FSDP  is  lacking  in  a-Si  [10]).  This  particular  feature  of  many  non-crystalline  solids 
aroused  much  speculation  as  to  its  origin  in  real  space. 

Four  main  models  for  the  atomic  scale  configuration,  that  determine  the  special  aspects  of 
MRO  in  amorphous  solids,  were  developed  up  to  day, 
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a)  Microcrystalline  model 

The  model  was  applied  firstly  to  amorphous  AS2S3.  Leadbetter  and  Apling  [11]  have 
calculated  the  correlation  functions  in  real  and  wave  vector  space  for  small  randomly  oriented 
fragments  of  ciystal  structure.  The  agreement  between  the  model  and  experiment  was  found  to  be 
poor.  The  strongest  discrepancy  in  the  radial  distribution  curves  is  related  to  the  strong  peak  at  about 
4.5  A,  due  to  cross  ring  correlations  in  the  crystal,  which  are  absent  in  the  experimental  functions. 

b)  Layered  model 

As  an  alternative,  the  experimental  results  on  the  same  a-AsaSea  were  interpreted  in  the  frame 
of  a  structure  with  disordered  layers  [3,12]. 

The  fundamental  evidence  for  layers  in  a-AsaSs  was  the  presence  of  the  FSDP  and  its  near 
coincidence  with  the  (020)  reflection  of  the  crystal.  A  layer  is  defined  as  two  or  more  sheets  or 
roughly  parallel  and  planar  atom  groupings,  which  are  bound  mainly  by  non-bonded  forces.  In  this 
model,  the  non-bonded  interactions,  i.e.  interlayer  correlations,  give  rise  to  the  FSDP.  The  definition 
of  the  layer  does  not  exclude  single  sheets  of  atoms  wrapped  over  each  other.  Because  the  layers  can 
be  appreciably  cross-linked  by  chemical  bonds  the  structure  approaches  that  of  a  cluster  and, 
therefore,  an  ambiguous  interpretation  of  FSDP  cannot  be  avoided. 

c)  Clustered  model 

A  cluster  is  defined  as  a  group  of  atoms  (in  general  greater  than  six)  constrained  to  a 
particular  internal  geometry  by  chemical  bonds.  Clusters  can  be  either  chemically  bonded  within  the 
main  structure  or  packed  randomly  and  held  together  by  non-bonded  forces.  The  first  clustered  model 
was  developed  by  Phillips  [13]  and  is  represented  by  condensation  of  the  so-called  “outrigger  rafts”. 

In  the  clustered  model  the  MRO  is  expressed  as  intra-cluster  correlations  and  from  this  order 
appears  FSDP. 

Nevertheless,  the  major  difficulty  with  clusters  (especially  big  cluster  ~  20  atoms,  as  e.g. 
“outrigger  rafts”)  is  that  they  introduce  too  much  medium-range  order.  To  overcome  this  difficulty  the 
clusters  must  be  distorted  but  this  implies  a  serious  problem  of  stability. 

d)  Void  correlation  model 

Fowler  and  Elliott  [14]  gave  arguments  to  support  the  conclusion  that  FSDP  is  due  to 
contributions  of  Fourier  components  from  a  broad  region  of  the  real  space  (including  e.g.  a  density 
deficit  at  about  4.5  A  in  the  case  of  a-As2S3),  rather  than  a  distinct  structural  feature.  They  speculated 
that  the  presence  of  lone  pairs  in  the  amorphous  solid,  rather  than  clusters  could  cause  such  a  density 
deficit.  After  Fowler  and  Elliott  [14]  lone  pairs  strongly  repel  each  other  and,  therefore,  force  a 
structure  to  become  more  open,  especially  if  the  structure  is  disordered.  The  presence  of  lone  pairs 
(absent  in  a-Si)  forces  an  expansion  of  the  average  ring  size,  with  the  concomitant  deficit  in  inter¬ 
atomic  correlations  near  4.5  A,  necessary  for  the  observation  of  FSDP. 

According  to  the  void  correlation  model  [15]  FSDP  is  a  chemical  order  pre-peak  due  to 
interstitial  volume  around  cation  centered  structural  units.  The  calculated  positions  of  FSDP  for  some 
covalent  glasses  (Si02,  Ge02,  ZnCl2,  GeSea)  agree  well  with  the  experiment  and  the  temperature  and 
pressure  dependencies  of  the  FSDP  can  be,  thus,  explained  in  terms  of  density  effects. 

Although  successful  in  many  instances,  the  model  cannot  explain  satisfactorily  the  difference 
in  behaviour  of  the  FSDP  when  the  glass  is  subjected  to  uniaxial  compression  and  when  hydrostatic 
compression  is  applied.  In  both  cases  the  peak  intensity  decreases  [16]. 

All  the  above-described  models  fail  to  account  for  all  details  of  I(Q)  function.  In  general  only 
FSDP  or  FSDP  +  main  diffraction  peak  are  examined  in  order  to  establish  the  validity  of  a  model. 

3.  Paracrystallinity  and  the  microparacrystalline  model 

The  paracrystalline  theoiy  developed  by  Hosemann  [6]  and  formerly  applied  to  fibers,  stems 
from  the  idea  that  the  non-crystalline  solid  consists  from  crystalline,  distorted  configurations,  that  are 
preserved  during  ciystal-amorphous  or  crystal-melt  transition.  These  configurations  are  quasi-aligned 
in  the  disordered  matrix.  The  general  structure  based  on  paracrystallites  gives  rise  to  an  X-ray 
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diffraction  pattern  similar  to  that  corresponding  to  a  multilayer  structure.  First  order  intense  peak  is 
followed  by  higher  dififraction  order  peaks  with  rapidly  decreasing  intensity. 

Hindeleh  and  Hosemann  [17]  found  a  very  important  relation  between  the  peak  width  and  the 
diffraction  order.  There  exists  a  linear  dependence  between  the  width  of  the  diffraction  halos,  8b,  and 
the  square  of  the  quadratic  sum  of  the  Miller  indices  for  the  basical  paracrystalline  plane,  (OOh): 

5b=  1/D  +  [(pgh)Vd]  (1) 

In  the  case  of  layered  structures,  the  basical  layer  plane  can  be  assimilated  to  a  (001)  plane. 
The  linear  dependence  5b  ~  f(h^),  where  h  is  the  diffraction  order,  is  a  strong  argument  for  the 
existence  of  microparacrystallites  as  constituent  elements  of  a  given  glass  [18]. 

From  the  Hindeleh-Hosemann  plot  one  can  extract  two  important  parameters.  The  intercept  of 
the  line  with  the  ordinate  gives  the  value  1/D,  where  D  is  the  mean  paracrystallite  thickness  normal  to 
the  paracrystalline  base  plane.  From  the  slope  of  the  right  line  one  gets  the  paracrystalline  distortion, 
g,  as  defined  in  the  theory  as  the  relative  paracrystalline  distance  fluctuation: 

g'  =  (dVd'-l)"'  (2) 

where  d  is  the  net  plane  spacing,  d^  is  the  mean  of  d^  and  d  is  the  averaged  d,  that  is  the  quasi¬ 
periodicity. 

For  the  ideal  crystalline  structure  g  =  0  and  for  the  complete  disappearance  of  crystal-like 
structural  features  g  =  1 . 

The  application  of  the  theory  of  paracrystal Unity  to  catalysts,  bio-polymers,  fibbers,  synthetic 
polymers,  glasses  and  melts  [19,20]  led  to  an  empirical  relation  of  a  new  kind  of  equilibrium  state: 

N'^g  =  a*  (3) 

with  a*  =  0.15  ±  0.05.  N  is  the  mean  number  of  net-plane  layers  in  a  paracrystallite. 

The  equation  3  implies  that  there  is  a  limit  to  the  growth  of  paracrystal  layers,  N,  depending 
on  the  magnitude  of  the  paracrystalline  distortion,  g. 

We  must  finally  remark  that,  based  on  a  wide  range  of  data,  Phillips  [21]  suggested  that  in 
vitreous  Si02  there  are  clusters,  which  have  the  internal  topology  of  cristobalite,  a  cubic  structure  of 
Si02  with  density  5  %  greater  than  vitreous  Si02  and  with  the  Si  atoms  arranged  on  a  diamond  lattice. 
The  dominant  surface  structure  of  the  cristobalite  paracrystallites  is  expressed  by  (001)  planes  and  the 
clusters  are  about  60  A  in  diameter. 

Taking  into  account  the  above  discussed  data,  we  developed  a  paracrystallite  model  for 
medium-range  order,  which  was  applied  to  vitreous  Si02  and  to  a  number  of  glassy  chalcogenides. 

In  the  case  of  chalcogenides,  which  are  characterized  by  mean  atomic  coordinations  between 
2  and  3,  the  basical  layers  in  crystals  lose  their  intrinsic  order  by  amorphization,  but  preserve  the  layer 
stacking  along  the  distances  of  the  order  of  paracrystallite  thickness  parameter.  The  type  of  structural 
element  preserved  in  the  glassy  state  seems  to  depend  on  the  chemical  composition  of  the  material. 
The  most  stable  structural  planes  of  the  corresponding  crystalline  phases  are  maintained  in  the 
disordered  materials  with  ill-defined  packing  and  they  give  rise  to  MRO  structural  effects.  The 
existence  of  long-lived  crystal-like  clusters  in  melt,  before  quenching,  leads  to  a  lower  free  energy  for 
gas-like  H-  crystal-like  configurations  than  for  homogeneous  gas-like  atomic  configuration  [22]. 

Supposing  the  formation  of  paracrystallites  in  bulk  chalcogenide  glasses  it  is  possible  to  treat 
the  problem  of  medium-range  order  in  the  frame  of  the  Hindeleh-Hosemann  theoiy.  Thus,  after 
careful  processing  of  the  X-ray  diffraction  data,  it  is  possible  to  get  two  parameters,  which 
characterize  the  paracrystallites  in  the  glass  and,  therefore,  the  atomic  correlations:  the  paracrystallite 
thickness  and  the  paracrystalline  distortion. 

4.  Documented  cases 

We  have  applied  the  microparacrystalline  model  for  medium-range  order,  firstly  to  vitreous 
Si02  and  then  to  several  representative  glassy  chalcogenides:  GeSe2,  AsSi.oe  and  As2Se3.  Figure  1 
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shows  the  Hindeleh-Hosemann  plot  for  vitreous  SiOa.  From  this  plot  the  two  MRO  parameters  were 
obtained:  D  =  18,5  A  and  g  =  0.056. 


Fig.  1.  Hindeleh-Hosemann  plot  for  the  determination  of  the  paracrystallite 
parameters  D  and  g  in  vitreous  Si02. 

The  paracrystalline  clusters  in  glassy  Si02,  after  Phillips  [24],  are  extended  over  a  distance  of 
at  least  25  A.  Cristobalite  domains  with  size  --60  A  were  observed  from  TEM  by  Zarzycki  [21]. 
Meade  et  al.  [25]  reported  a  mean  size  of  quasi-ordered  configurations  of -^20  A.  The  distortion  of  the 
paracrystallite  is  enough  low,  if  one  compares  our  result  with  the  value  reported  by  Hosemann  et  al. 
[26]:  g  =  0.15. 

The  peaks  in  the  X-ray  diffraction  diagrams  of  GeSea  and  AsSi.66  [27]  have  been  carefully 
measured,  in  order  to  draw  the  Hindeleh-Hosemann  plots  (see  Fig.  2  and  3).  The  results  show  for 
glassy  GeSe2:  D  =  69,6  A  and  g  =  0.071,  and  for  AsSi.66’  D  =  26.6  A  and  g  =  0.068.  While  the 
paracrystalline  distortion  is  nearly  identical  in  both  cases,  the  paracrystalline  thickness  differs 
considerably,  and  this  is  an  interesting  result.  The  values  of  D  extracted  from  the  width  of  FSDP  and 
reported  in  the  literature  are  60  A  for  GeSe2  and  30  A  for  AS2S3  [28]. 


a  b 

Fig.  2.  The  Hindeleh-Hosemann  plot  for  the  determination  of  the  paracrystallite  parameters  in 

glassy  GeSe2  (a)  and  AsSi.ee  (b). 

Finally  we  analyzed  the  cases  of  As2Se3  chalcogenide  when  heated  above  the  softening 
temperature  (Tg  =  215  °C)  at  400  °C  and  at  630  [29].  It  is  well  known  that,  during  heating,  and 

even  in  the  molten  state,  the  MRO  tends  to  develop  itself,  as  evidenced  by  the  amplification  of  the 
FSDP  intensity.  Figure  4  shows  the  results. 
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Fig.  3.  The  Hindeleh-Hosemann  plot  for  an  As2Se3  sample  in  the  molten  state  at  400  “C  (■  ) 

and  at  600  “C  (•). 

When  the  sample  temperature  is  raised  from  400  to  630  °C  the  paracrystallite  thickness 
decreases  from  45.1  to  42.1  A  and  the  paracrystalline  distortion  increases  from  0.067  to  0.072.  At  the 
room  temperature  AsjSej  exhibit  a  D  value  of  30.4  A  [18]  while  g  is  0.067.  This  discrepancy  can  be 
explained  as  follows.  In  the  molten  state  few  constraints  are  exerted  on  the  disordered  paracrystalline 
layers  and,  therefore,  more  relaxation  is  produced  with  the  consequence  of  a  better  alignment  of  tire 
layers.  In  the  amorphous  solid  state  the  stacking  of  the  disordered  layers  is  more  difficult  to  appear  on 
a  longer  scale,  because  the  constraint  from  the  surrounding  matrix  is  higher,  and,  therefore,  the 
thickness  of  the  paracrystallite  is  smaller. 

5.  Conclusions 

A  new  model  for  medium-range  order  in  non-crystalline  chalcogenides  has  been  introduced. 
The  model  is  based  on  the  old  paracrystalline  theory  of  Hosemann  with  one  major  amendment:  the 
paracrystallites  consist  of  the  backbones  of  the  original  stable  crystal  corresponding  to  the  chemical 
composition  of  the  material  (or  crystal  of  the  most  approached  composition),  including  as  entities  the 
planes  of  closest  packed  arrangement  of  the  atoms.  These  planes  represent  the  ultimate  reminiscence 
of  a  crystal  in  the  melt.  For  many  chalcogenides  these  planes  are  not  composed  of  ordered 
configuration  of  atoms  as  in  the  crystal,  but  are  characterized  by  a  disordered  arrangement  of  atoms, 
reflected  in  the  ring  configuration  with  various  number  of  atoms. 
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INFLUENCE  OF  THE  INTEGRATION  LIMITS  ON  THE  SHAPE  OF  PAIR 
CORRELATION  FUNCTIONS  OF  NON-CRYSTALLINE  MATERIALS 
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Influence  of  the  termination  effect  on  the  shape  of  pair  correlation  functions  and  values  of 
structural  parameters  of  liquid  and  amorphous  materials  has  been  investigated.  It  is  shovm  that 
termination  of  the  diffraction  curve  at  Qmin  >  0  rather  strongly  affects  the  region  around  the 
first  peak  of  g(r)  especially  its  left  flank.  On  the  other  hand,  presence  or  absence  of  a  prepeak 
at  low  g-values  of  the  structure  factor  does  not  bring  any  difference  to  the  pair  correlation 
functions.  Decreasing  of  the  upper  limit  of  the  diffraction  vector  causes  shift,  decrease  and 
broadening  of  the  first  peak  of  the  pair  correlation  function.  Besides,  this  yields  spurious 
oscillations  in  the  vicinity  of  the  first  and  the  second  maximum  of  g(r)  of  the  liquid  and 
amorphous  materials.  Therefore  straightforward  interpretation  of  the  experimental  data  may 
be  misleading.  Some  procedures  to  solve  the  problem  are  considered. 
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1.  Introduction 

Studies  of  non-crystalline  structure  are  mainly  based  on  the  experimental  determination  of  the 
X-ray  or  neutron  diffraction  curve  as  a  function  of  the  scattering  vector  Q{Q  =  (47i/7-)sin^,  where  X  is 
the  used  wavelength  and  d  is  half  the  scattering  angle).  Transformation  of  the  scattering  intensity 
I=I(Q)  to  the  pair  correlation  function  g(r)  and  (or)  to  the  radial  distribution  function  4nr^p(r)  yields 
such  structural  characteristics  as  the  nearest  neighbour  distance  r'  and  the  coordination  number  of  the 
first  coordination  sphere  as  well  as  corresponding  values  for  the  higher  coordination  spheres  which 
are  important  parameters  of  the  short-  and  medium-range  order. 

The  pair  distribution  function  g(r)  can  be  calculated  by  Fourier  transformation  of  the  S(Q) 
spectrum  using  the  standard  transformation  technique: 

gir)  =  ^  =  1 +—^]q{S{Q)  -  l]sin((2  •  r)dQ 

A  2;r  rp^  o 

Here  p(r)  and  po  are  the  local  and  average  number  densities,  respectively,  and  S(Q)  is  the 
Faber-Ziman  total  structure  factor  [1]  obtained  from  the  coherent  scattering  intensity: 


^(0  =  - 


:^(0-i!/(0)-(/(0)') 

(/(0)' 


(2) 


with 


{f\Q))  =  (/(0)  =  Is/y  (0> 


(3) 


where  Cj  is  the  mole  fraction  and  f/Q)  the  total  atomic  scattering  factor  of  the  /-th  component  in  the 
alloy. 
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The  position  of  the  first  maximum  of  g(r)  is  the  mean  nearest  neighbour  distance  The 
coordination  number 


N=  \A7ir^  p{r)dr 

n 

is  the  mean  number  of  atoms  within  the  coordination  sphere  limited  by  ri  and  The  first 
coordination  number  can  be  estimated  by  several  methods.  Most  commonly  used  ones  are:  i) 
symmetrical  (the  coordination  shell  is  considered  as  symmetrical  about  a  first  maximum  in  the  g(r) 
curve,  i.e.  the  right-hand  side  of  the  peak  is  made  symmetrical  with  that  on  the  left)  and  ii)  integration 
from  the  left-hand  edge  of  the  first  peak  to  the  first  minimum  in  the  radial  distribution  function. 

The  transform  in  Eq.(l)  requires  data  from  g  =  0  to  g  =  oo.  In  principle,  the  scattering 
intensity  can  be  measured  down  to  Q  =  0.  However,  experimental  limitations  and  in  some  cases 
additional  small  angle  scattering  lead  to  a  lower  limit  >  0  for  each  diffraction  experiment.  On  the 
other  hand,  the  diffraction  vector  is  terminated  by  a  certain  value  which  is  determined  by  the 
wavelength  used:  g„,ax  =  47t/X.  As  a  result,  the  integrand  in  Eq.(l)  is  limited  by  and  0,„ax,  that  is: 


1  Qmzx  r  , 

=  l  +  le{S(Q)-l]sin(Q  r)dQ 

LTI 


(5) 


Due  to  such  limitation  of  the  diffi'action  vector,  the  resulting  pair  distribution  function  differs 

from  the  ideal  g(r).  So-called  termination  or  truncation  effect  yields  spurious  details  on  the  pair 
correlation  functions.  This  deforms  the  radial  distribution  functions,  changes  the  position  and  profile 
of  the  maxima  and  minima  and  introduces  errors  in  the  calculated  coordination  numbers  [2  -  5], 

In  this  paper  we  examine  influence  of  the  termination  effect  on  the  shape  of  the  pair 
correlation  functions  of  the  non-ciystalline  materials  with  low-coordinated  (open)  structure.  Liquid  Te 
and  amorphous  Ge-telluride  have  been  chosen  for  the  investigation. 


2.  Experimental 

Neutron  scattering  experiment  on  liquid  Te  has  been  carried  out  on  the  double-axis 
spectrometer  of  the  research  reactor  at  Rossendorf.  The  neutron  wavelength  was  A.  =  0.91  A  and  the 
accessible  i2-values  range  -  from  1.0  A'^  to  9.35  A The  sample  was  contained  in  a  sealed  quartz 
tube  (internal  diameter  15  mm,  wall  thickness  1  mm).  The  overall  uncertainty  in  the  sample 
temperature  was  smaller  than  5  K.  The  data  correction  procedure  has  been  described  in  [6]. 

The  X-ray  diffraction  experiments  were  performed  with  a  diffractometer  using  MoKa~ 
radiation  which  has  been  selected  by  a  focusing  graphite  monochromator  placed  in  the  diffracted 
beam.  The  X-ray  intensity  scattered  at  the  free  surface  was  measured  by  a  scintillation  detector  with  a 
pulse  height  analyser.  The  liquid  Te  temperature  was  constant  within  an  error  of  about  I  K.  The 
scattering  intensity  has  been  measured  fi*om  1.0  to  1 1.85  A'^  of  Q  in  the  case  of  liquid  Te. 

The  amorphous  Ge25Te75  alloy  was  prepared  by  the  melt-spinning  technique.  The  X-ray 
intensity  diffracted  by  the  amorphous  sample  at  room  temperature  was  counted  over  the  range  of  Q 
between  0.5  and  12.5  A  ^  The  correction  and  normalization  of  the  experimental  data  were  done  as 
described  in  [7  -9]. 
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3.  Results  and  discussion 

3.1.  Liquid  Tellurium 

The  experimental  structure  factors  of  liquid  Te  at  550  °C  (neutron  diffraction)  and  500  °C  (X- 
ray  diffraction)  are  shown  in  Fig.  1.  The  differences  between  the  results  of  X-ray  and  neutron 
scattering  are  mainly  caused  by  the  rather  sensitive  absorption  correction  of  the  neutron  experiment. 
In  both  cases  scattered  intensity  has  been  measured  dovm  to  gmin  =  1-0  A’’.  For  smaller  g-values  we 
have  employed  a  parabolic  extrapolation  of  S(Q): 

S(Q)  =  S(0)  +  AQ\  (6) 

The  value  of  .5(0)  =  0.062  has  been  taken  from  Ref.  [10]  and  the  coefficients  was  determined 
by  fitting  the  extrapolation  function  to  the  experimental  S(Q)  ^AQ-  Q^m- 


0  2  4  6  8  10  12  14  16  18  20 

e.A-' 


Fig.  1 .  Structure  factors  of  the  liquid  Te:  circles  -  experimental  results;  lines  -  extrapolation. 


Fig.  2  shows  the  pair  correlation  and  radial  distribution  functions  calculated  with  Eq.  (5)  using 
lower  integration  limits  of  =  0  A'*  and  gn,i„  =  1 .0  A’’.  The  upper  integration  limit  was  =  9.35 
A '  for  neutrons  and  =  11.85  A  '  for  X-rays.  It  is  very  good  seen  that  the  region  around  the  first 
coordination  shell,  especially  its  left  flank,  is  rather  strongly  affected.  Termination  of  the  structure 
factor  at  Qmin  >  0  substantially  increases  the  pair  correlation  and  radial  distribution  function  in  the 
region  of  the  first  maximum  that  yields  overestimated  coordination  number. 
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Fig.  3.  Pair  correlation  function  of  liquid  Te  calculated  with  different  integration  limits  gmax- 


0  1  2  3  4  5  6 
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Fig.  4.  Residual  pair  correlation  function  Ag(r)  calculated  with  S(Q)  from  g^ax  to  oo. 
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The  next  step  was  to  examine  the  effect  of  the  structure  factor  termination  at  high  g-values. 
For  this  purpose  we  have  extrapolated  the  experimental  structure  factor  for  Q  >  using  the 
function 


S{Q)  =  1  +  c,  cos(c20  -  C3 )  exp(-C40  >  Q 


which  enables  one  to  obtain  an  analytical  expression  for  g(r)  up  to  infinity.  The  parameters  C1...C4 
have  been  determined  by  a  least  squares  fit  of  the  high  g-region  of  the  experimental  S(Q).  The 
extrapolated  parts  of  the  liquid  Te  structure  factors  are  given  in  Fig.  1 . 

In  Fig.  3  the  region  of  the  first  and  the  second  maximum  of  the  pair  correlation  function  of 
liquid  Te  at  500  °C  calculated  with  different  upper  g-limit  is  shown.  It  is  seen  that  with  increasing 
the  height  of  the  first  peak  increases  while  its  width  decreases.  Besides,  the  position  of  the  first 
maximum  is  shifted  to  the  smaller  r-va!ues  and  “false”  oscillations  disappear. 

Fig.  4  illustrates  the  termination  error  in  g{rj  by  limiting  the  structure  factor  to  0ax  -  9,  13, 
17  and  21  A"'.  It  is  seen  that  the  high-angle  contribution  to  the  pair  correlation  function 

A^(r)  =  l  +  -^  ]e[S(0-l]sm((2-r)dQ 

2^  rpo 

is  the  most  essential  in  the  vicinity  of  the  first  and  the  second  peak. 

The  pair  correlation  functions  of  the  liquid  Te  calculated  with  different  lower  and  upper 
integration  limits  in  Eq.  (5)  are  presented  in  Fig.  5.  It  is  seen  that  both  limitations  significantly  affect 
the  resulting  curve,  especially  in  the  range  of  the  first  and  the  second  coordination  spheres.  Therefore 
a  straightforward  interpretation  of  the  “experimental”  pair  correlation  functions  may  be  misleading. 


r,A 


Fig.  5,  Pair  correlation  functions  of  the  liquid  Te  calculated  with  different  integration  limits 

^min  and  Qmzx' 

In  Fig.  6  we  show  some  structural  parameters  of  liquid  Te  in  dependence  on  the  upper 
integration  limit  2max-  The  nearest  neighbour  distance  /  and  coordination  number  continuously 
decrease  with  increasing  g,nax  up  to  19-20  A"’  while  the  value  of  g(t^)  increases.  Beginning  with 
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Qmm  ~  20  A"’  all  parameters  remain  practically  unchanged.  This  is  in  good  correspondence  with  the 
result  shown  in  Fig.  4.  Indeed,  the  residual  pair  correlation  function  Agf/'J  becomes  very  small  when 
gniax  achieves  ~  21  A''  or  more. 


Fig.  6.  Nearest  neighbour  distance  coordination  number  A^sym  and  g(r^)  as  a  function 

of  gmax  (Qmin  =  0). 


3.2.  Amorphous  GcmTcvs 

The  experimental  structure  factor  of  the  amorphous  Ge25Te75  alloy  measured  at  room 
temperature  is  shown  in  Fig.  7.  It  is  seen  that  the  modulations  of  the  S(Q)  of  the  amorphous  Ge- 
telluride  are  much  more  pronounced  than  those  of  liquid  objects  (e.  g.  liquid  Te).  Besides  the  shape  of 
the  maxima  and  minima  in  the  S(Q)  of  the  a-Ge25Te75  alloy  are  much  more  complex  than  that  in  the 
hard-sphere  structure  factor.  This  means  that  one  can  not  analytically  extrapolate  the  experimental 
structure  factor  in  the  same  or  similar  manner  as  we  did  it  for  the  liquid  Te.  In  such  cases  it  is  better  to 
use  experimental  data  up  to  the  limited  value  of  the  diffraction  vector  g^ax  than  to  introduce 
additional  errors  employing  a  theoretical  function  for  Q  >  Qmm- 


Fig.  7.  Experimental  structure  factor  of  the  amorphous  6025X075  alloy. 

As  we  have  seen  above,  the  termination  of  the  structure  factor  at  Q  —  Qmax  yields  ghost 
oscillations  in  the  vicinity  of  the  first  peak  of  the  pair  correlation  function.  It  is  very  interesting  and 
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important  to  know  whether  these  false  modulations  depend  on  the  value  of  g,nax  with  regard  to  the 
shape  of  the  structure  factor.  In  order  to  test  it,  we  have  calculated  the  residual  pair  correlation 
function  using  Eq.  (8)  with  different  limit  jgmax-  As  a  structure  factor  we  employed  the  analytical 
function  given  by  Eq.  (7)  with  parameters  =  0.9239,  C2  =  2.8576,  C3  =20.2316,  C4  =0.2012.  Figs.  8 
and  9  show  the  high-angle  contribution  to  the  pair  correlation  function  Ag(rJ  in  dependence  on  Qmax- 
The  oscillations  of  the  residual  pair  correlation  function  are  the  greatest  when  the  structure  factor  is 
terminated  at  the  position  where  the  ^(0  equals  unity  and  shows  maximum  slope  (e.g.  at  13.1  A‘*  and 
14.2  A“^).  On  the  other  hand,  oscillations  of  the  AgfrJ  are  minimal  when  Qnax  falls  at  the  position  of  a 
minimum  or  a  maximum  (e.g.  at  13.7  A'’)  at  the  end  of  the  structure  factor  where  the  slope  of  Sf0  is 
zero. 


Fig.  8.  Residual  pair  conelation  function  AgfrJ  calculated  with  Sf0  from  Q^ax  to  00. 


Fig.  9.  AgfrJIr^o  as  a  function  of  j2max  in  Eq.(8).  Sf0  -  part  of  the  structure  factor 
of  liquid  Te  at  500  X  (as  in  Fig.  1). 


Taking  into  account  the  result  mentioned  above  we  have  truncated  the  experimental  structure 
factor  of  the  a-Ge25Te75  alloy  at  g,„ax  of  1 1 .2  and  13.5  A'^  that  respects  to  the  position  of  the  minimum 
at  the  end  of  curve.  Fig.  10  illustrates  that  decrease  of  the  upper  integration  limit  in  Eq.  (5)  causes 
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decrease,  shift  and  broadening  of  the  first  peak  and  yields  spurious  oscillations  in  the  pair  correlation 
functions  of  the  amorphous  material  in  the  same  manner  as  in  the  case  of  liquids. 


Fig.  10.  Pair  correlation  (a)  and  radial  distribution  (b)  functions  of  amorphous 
0625X675  alloy  calculated  with  different  integration  limits  Smax- 


Fig.  1 1.  Pair  correlation  (a)  and  radial  distribution  (b)  functions  of  amorphous  6025X075  alloy. 


In  the  experimental  structure  factor  of  the  a-Ge25Te75  alloy  (Fig.  7)  one  can  see  a  small 
prepeak  at  Q=  1.1  A"'.  It  is  generally  assumed  that  i)  this  feature  of  the  diffraction  pattern  is 
associated  with  medium-range  order  (MRO)  and  (or)  ii)  prepeak  reflects  strong  bonding  of  unlike 
atoms.  As  regards  the  amorphous  6025X675  alloy  we  believe  that  the  prepeak  in  the  structure  factor 
arises  due  to  connection  of  Ge  and  Te  atoms.  However  in  the  present  paper  we  would  like  to  examine 
whether  and  how  the  shape  of  the  pair  correlation  function  depends  on  the  prepeak.  Therefore  we 
calculated  pair  correlation  function  using  experimental  structure  factor  i)  from  Qmin  A''  to 

Qmm 

13.5  A'';  and  ii)  from  =  1.5  A’’  to  gmax  =  13.5  A’’.  In  both  cases  S(Q)  was  extrapolated  from 
SiQmin)  to  5(0)  as  described  above  for  the  liquid  Te.  As  one  can  see  from  Fig.  1 1  there  is  practically 
no  difference  between  pair  correlation  functions  calculated  with  structure  factor  containing  prepeak 
and  without  that. 
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4.  Conclusions 

Limitation  of  the  experimental  scattering  intensity  at  certain  values  of  the  diffraction  vector 
gniin  and  ginax  that  differ  from  zero  and  infinity,  respectively,  yields  spurious  details  on  the  pair 
correlation  functions  and  introduces  errors  in  the  calculated  structural  parameters  of  the  liquid  and 
amorphous  materials. 

Termination  of  the  diffraction  curve  at  Qmin  >  0  significantly  increases  the  pair  correlation  and 
radial  distribution  functions  in  the  region  of  the  first  maximum  that  yields  overestimated  coordination 
number. 

Termination  of  the  structure  factor  at  high  g-values  of  the  diffraction  vector  causes  shift, 
decreasing  and  broadening  of  the  first  peak  of  the  pair  correlation  functions.  In  addition,  this  results  in 
spurious  oscillations  in  the  vicinity  of  the  first  and  the  second  maximum  of  g(rj. 

Termination  effect  in  the  pair  correlation  functions  can  be  eliminated  or  significantly  reduced 
by  extrapolation  of  the  experimental  scattering  intensity  or  structure  factor  to  zero  and  to  infinity 
using  analytical  functions.  In  cases  when  this  cannot  be  done  the  termination  at  high  g-values  should 
be  made  at  the  position  of  minimum  or  maximum  of  the  structure  factor. 
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INTERACTION  OF  POLARIZED  LIGHT  WITH 
CHALCOGENIDE  GLASSES 
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Physical  Department,  Ben-Gurion  University,  Beer-Sheva  84105,  Israel 


In  the  first  part  of  the  paper  we  summarize  the  results  of  our  study  of  photoinduced  optical 
anisotropy  in  thin  film  and  bulk  samples  of  different  chalcogenide  glasses.  We  distinguish 
three  ranges  of  exciting  photons  energy:  above-band-gap  excitation,  sub-band-gap  excitation 
and  super-band-gap  excitation.  We  claim  that  in  each  of  these  excitation  ranges,  different 
mechanisms  are  responsible  for  appearance  of  photoinduced  anisotropy,  namely,  creation  and 
next  orientation  of  photoinduced  defects,  creation  of  anisotropically  scattering  defects  and 
orientation  of  main  covalent  bonds  of  the  glass  (in  addition  to  creation  and  orientation  of 
defects)  are  the  main  reasons  of  observed  anisotropy  in  the  mentioned  spectral  ranges.  We 
consider  also  some  interesting  results  obtained  recently  in  different  research  groups.  Among 
them:  polarization-dependent  photocrystallization  of  some  amorphous  films, 

polarization-dependent  photodoping  of  chalcogenide  films  by  metals,  photoinduced 
anisotropy  of  photoconductivity,  polarization-dependent  optomechanical  effect  and 
photoinduced  anisotropy  in  the  ion-conducting  amorphous  chalcogenide  films. 
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1.  Introduction 

Investigation  of  interaction  of  polarized  light  with  chalcogenide  glasses  continues  already 
more  than  twenty  years,  after  discoveiy  of  the  linearly  polarized  light  induced  anisotropy  in  several 
chalcogenide  glassy  films  made  by  Zhdanov,  Kolomiets,  Lyubin  and  Malinovskii  [1,2].  Many 
research  groups  studied  photoinduced  anisotropy  (linear  dichroism,  linear  birefringence)  and  also 
photoinduced  gyrotropy  (circular  dichroism,  circular  birefringence,  optical  activity)  excited  by 
linearly  polarized  light  or  circularly  polarized  light  in  thin  films  and  in  bulk  chalcogenide  glasses. 
Main  results  of  these  studies  can  be  found  in  [3-10].  Later,  some  new  effects  were  discovered  at 
studying  of  interaction  of  polarized  light  with  chalcogenide  glasses:  polarization-dependent 
photodoping  of  chalcogenide  films  by  silver  [12],  polarization-dependent  photocrystallization  of 
some  amorphous  chalcogenide  films  [13-15],  polarization-dependent  optomechanical  effect  [16]  etc. 

In  first  publications,  the  photoinduced  anisotropy  (PA)  in  chalcogenide  films  was  explained 
by  interaction  of  polarized  light  with  some  optically  anisotropic  structural  elements  whose  optical 
axes  are  oriented  randomly  [1,2].  Later,  more  detailed  models  of  PA  in  thin  chalcogenide  films  were 
proposed  that  are  based  on  consideration  of  interaction  of  the  inducing  light  with  native  quasiatomic 
defects  [17],  with  quasimolecular  defects  [18],  with  bistable  centers  having  a  wide  distribution  of 
relaxation  times  [19]  or  with  valence-alteration  pairs  (VAP’s)  [20].  An  electronic  model,  in  which  PA 
is  attributed  to  photogeneration  and  trapping  of  oriented  geminate  electron-hole  pairs  in  chalcogenide 
glass,  was  also  proposed  recently  [21]. 

In  this  paper  we  try  to  summarize  and  discuss  the  recent  results  of  PA  study  performed 
mainly  in  the  laboratory  of  amorphous  semiconductors  in  the  Ben-Gurion  University  (Beer-Sheva, 
Israel)  either  independently  or  in  close  cooperation  with  colleagues  from  other  research  centers.  It  is 
convenient  for  us  to  consider  and  discuss  successively  the  data  on  PA  obtained  at  excitation  by 
above-band-gap  light,  sub-band-gap  light  and  super-band-gap  light.  Additionally  we  will  consider  the 
other  effects  of  polarized  light  studied  recently,  including  the  case  of  observation  of  photoinduced 
photoelectrical  anisotropy. 


266 


V.  Lyubin,  M.  Klebanov 


2.  Experimental 

Two  groups  of  samples  were  investigated  in  this  research.  Thin-film  glassy  samples  of 
As2Se3,  As5oSe5o,  AS2S3,  GeS2.2,  Se,  Se8oTe2o  and  GexAs4o-xS6o  were  produced  by  thermal  evaporation 
of  starting  glassy  materials  from  usual  quartz  crusibles  onto  suitably  cleaned  Coming  glass  substrates 
in  vacuum  (p-lO'*  Torr).  The  SeToAgisIjs  films  were  prepared  by  evaporation  from  a  vaporiser  with  a 
small  opening  [22].  The  film  thickness  was  0.3-4.0  mm.  Bulk  samples  of  AS2S3,  As2Se3,  Ge2oAs2oS6o 
and  AS34S52I14  were  prepared  by  polishing  of  melt-quenched  chalcogenide  glasses  and  had  typical 
thickness  of  several  millimeters. 


Fig.  1 .  Experimental  installations  for  investigation  of  photoinduced  anisotropy  of  absorbtion 
(a)  scattering  (b)  and  reflection  (c)  of  laser  light. 

Optical  setups  used  in  our  experiments  are  shown  schematically  in  Fig.l.  The  set-up  of 
Fig.  la  was  used  for  investigation  of  linear  dichroism  and  linear  birefringence  in  the  thin  film 
samples  at  excitation  by  above-band-gap  light.  Two  beams  of  gas  lasers  illuminate  simultaneously 
the  same  area  of  the  studied  film.  The  wavelength  of  one  laser  is  selected  so  that  it  is  the 
above-band-gap  light.  It  is  an  inducing  laser  beam.  The  linear  polarization  state  of  this  beam  could  be 
changed  to  the  orthogonal  one  with  a  half  wave  plate.  The  attenuated  light  beam  from  the  other  laser 
(probing  laser  beam)  passed  through  an  electrooptical  modulator,  which  modulated  the  polarization 
discontinuous ly  between  two  orthogonal  states  at  a  frequency  of  IkHz.  Then  this  laser  beam  was 
passed  through  the  sample  and  was  incident  on  the  Si  photodiode,  permitting  to  measure  the 
photoinduced  transmission  anisotropy  Ty  -  Tx  =  2  (ly  -Ix)  /  (ly  +  Ix),  where  ly  and  Ix  are  the  intensities 
of  the  beams  with  two  orthogonal  electric  vectors.  To  measure  the  difference  signal  ly  -  Ix  we  used  the 
method  of  synchronous  detection.  If  the  wavelength  of  second  laser  is  selected  so  that  it  is  also  the 
above-band-gap  light,  we  can  measure  the  photoinduced  dichroism.  In  order  to  study  the 
photoinduced  birefringence,  the  wavelength  of  second  laser  must  be  selected  in  the  range  of 
transparency  of  the  studied  film.  Usually  we  used  the  He-Ne  lasers,  working  at  A,  =  633  nm  and  the 
Ar^  lasers,  working  at  X=  515  nm.  This  set-up  permitted  us  to  study  very  initial  periods  of  PA 
kinetics  and  relaxation.  For  study  of  PA  of  transmission  in  the  bulk  chalcogenide  samples  excited  by 
sub-band-gap  light,  we  also  used  the  installation  of  Fig.  la.  Additionally  for  simultaneous 
measurement  of  the  laser  radiation  transmitted  through  the  bulk  sample  and  radiation  scattered  by  the 
sample  to  various  angles  up  to  230  mrad.  We  used  the  set-up  shown  in  Fig.  lb.  Collecting  lens, 
arranged  behind  the  sample,  focused  the  scattered  light  to  a  photodiode,  and  a  small  mirror,  fixed  in 
the  central  part  of  the  lens,  reflected  the  transmitted  light  beam  to  a  second  photodiode.  He-Ne  laser 
radiation  (2,  =  633  nm)  which  was  sub-band-gap  radiation  for  the  studied  bulk  glass  samples  (AS2S3 
glass)  played  in  this  installation,  by  turns,  a  role  of  inducing  or  probing  light.  This  installation 


Interaction  of  polarized  light  with  chalcogenide  glasses 


267 


allowed  us  to  study  both  anisotropy  and  gyrotropy  of  transmission  and  scattering  of  linearly  and 
circularly  polarized  light  in  bulk  samples. 

The  experimental  set-up  for  reflectance  difference  measurements  is  shown  in  Fig.  Ic.  It  is 
again  the  two-beams  installation.  The  anisotropy  in  this  case  was  induced  using  the  light  of  either  a 
1000  W  Xenon  lamp  which  generated  radiation  in  a  wide  energy  range,  including  sub-band-gap  and 
super-band-gap  light,  or  an  Ar"^  ion  laser  (k  =  488  nm)  generating  above-band-gap  light  for  the 
studied  samples.  The  inducing  light  passed  through  a  Glan-prism  polarizer  and  besides  the  light 
intensity  on  the  surface  of  the  sample  was  around  100  mW^m^.  The  intensity  of  the  measuring 
linearly  polarized  light,  generated  by  small  Xenon  lamp,  was  much  smaller  (about  5  mW/cm^). 
Application  of  a  monochromator  allowed  to  investigate  the  spectra  of  PA  of  light  reflection.  For  a 
detailed  acquaintance  with  the  reflection-difference  spectroscopy  see  Ref  23. 

3«  Results  and  discussion 

3.1,  Above-band-gap  light  excitation 

Most  of  early  experiments  on  the  PA  were  performed  in  the  regime  of  above-band-gap  light 
excitation  of  thin  film  chalcogenide  glassy  samples.  Both  photoinduced  linear  dichroism  and 
photoinduced  linear  birefringence  generation  and  multiple  reorientation  were  revealed  under  action 
of  linearly  polarized  light.  PA  could  be  decreased  to  zero  at  the  next  irradiation  by  non-polarized  or 
circularly  polarized  light. 

The  best  from  the  different  models  of  PA  generation  at  above-band-gap  light  excitation  is,  in 
our  opinion,  the  model  of  Tikhomirov  and  Elliott  [20],  which  is  based  on  the  photoinduced 
orientation  of  VAP's,  the  charged  defects  with  negative  correlation  energy,  characteristic  for 
chalcogenide  glasses.  It  is  known  that  there  are  natural  VAP's  and  photoinduced  VAP's  in 
chalcogenide  glasses.  Our  experiments  show  that  photoinduced  VAP's  play  especially  important  role 
in  generation  of  PA  at  above-band-gap  light  excitation  [24]. 


Fig.  2.  Kinetics  of  dichroism  generation  and  reorientation  in  AssoScso  film  under  action  of 
linearly  polarized  laser  light  with  two  orthogonal  directions  of  electrical  vector  (y  and  x), 
when  reorientation  starts  after  dichroism  saturation  (a)  or  when  polarized  light  irradiation 
starts  after  long  illumination  with  unpolarized  light  (b). 
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The  process  of  photoinduced  dichroism  generation  and  reorientation  is  illustrated  in  Fig.  2 
for  the  case  of  the  AsSe  film  of  1,2  pm  thickness.  It  is  seen  from  Fig.  2a  that  the  initial  dichroism 
generation  is  rather  prolonged  (10'*20  min),  while  the  dichroism  reorientation  happens  much  quicker 
(<  Imin).  In  the  case  of  long  film  irradiation  with  the  unpolarized  light,  the  following  irradiation 
with  linearly  polarized  light  results  in  the  rapid  appearance  of  dichroism  as  it  is  shown  in  Fig.2b. 
Similar  peculiarities  in  the  kinetics  of  dichroism  generation  and  reorientation  were  observed  also  in 
amorphous  As  458055,  AS2S3  and  Ge2PbS4  films. 

These  data  and  other  results  described  in  [24]  show  that  irradiation  with  both  polarized  and 
non-polarized  above-band-gap  light  creates  in  the  non-irradiated  film  some  centers  that  can  be 
oriented  quickly  by  the  subsequent  irradiation  by  linearly  polarized  light  (in  case  of  initial  irradiation 
with  the  polarized  light,  these  centers  are  oriented  quickly  during  irradiation).  Such  centers  can  be 
born  in  the  form  of  VAP's  (photoinduced  VAP's)  in  the  reaction  [25]: 

2Cl+hv...C^  (1) 

In  all  previous  experiments  the  authors  investigated  PA  in  chalcogenide  films  that  are 
characterized  by  the  scalar  photoinduced  effect,  photodarkening,  when  transparency  of  the  sample 
decreases  under  light  irradiation.  At  the  same  time,  in  some  Ge  containing  chalcogenide  glassy  films, 
initial  light  irradiation  induces  photobleaching  instead  of  photodarkening.  Subsequent  light 
irradiation  carried  out  after  annealing  of  photobleached  films  results  in  photodarkening. 
Photobleaching  was  investigated  in  detail  in  the  three-component  chalcogenide  Ge-As-S  films 
[26,27], 

We  investigated  PA  in  photobleached  Ge25Asi5S6o,  Ge32As8S6o  and  Ge36As4S6o  films  in  which 
large  photoinduced  changes  were  observed  and  studied  previously  [26].  The  results  were 
qualitatively  identical  for  all  three  studied  films  and  we  will  illustrate  them  for  the  ease  of  Ge32As8S6o 
films.  Fig.  3  shows  the  typical  kinetics  of  dichroism  generation  and  reorientation  in  both  as-prepared 
and  annealed  films.  A  2.5  W/cm^  linearly  polarized  Ar^  laser  beam  at  488  nm  with  two  orthogonal 
directions  of  electrical  vector  was  used  in  these  experiments.  A  0.5  mW/cm^  linearly  polarized 
5 1 5  nm  Ar^  laser  beam  was  applied  as  a  probe  beam. 


a  b 

Fig.  3.  Kinetics  of  dichroism  generation  and  reorientation  in  as-prepared  (a)  and  annealed  at 
210  °C  (b)  GesaAsgSio  glassy  film,  measured  by  515  nm  probing  laser  beam. 


Quantitative  results  of  photoinduced  dichroism  study  are  summarized  in  Table  1.  It  is  seen 
that  the  values  of  PA  in  Ge25Asi5S6o  and  Ge32As8S6o  are  approximately  the  same  but  for  Ge36As4S6o 
films  smaller  PA  values  are  observed.  We  can  say  that  the  value  of  the  photoinduced  dichroism  in 
as-prepared  photobleached  films  (10-15%)  is  substantially  larger  than  that  in  most  of  the  previously 
studied  elementary  or  binary  chalcogenide  glassy  films.  Annealing  of  such  films  does  not  result  in 
change  of  the  sign  of  diehroism.  However,  the  value  of  diehroism  is  considerably  smaller  in  annealed 
films.  In  this  respect,  the  studied  films  differ  essentially  from  the  binary  films  where  diehroism 
decreases  after  annealing  very  weakly.  Generation  and  reorientation  of  birefringence  was  also 
observed  and  studied  in  these  photobleached  films. 
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Table  1 .  The  photoinduced  dichroism  values  (in  %)  for  GeAs(4o.x)S6o. 


Ge:^r>As4S6o 

Ge-^pAsgSr^o 

Gep^Asi^Sfio 

As  -  prepared 

3-4 

12-15 

8-15 

Annealed 

1  -2 

00 

o 

1 

o 

- 

Summarizing  the  obtained  results,  we  conclude  that  characteristics  of  PA  do  not  depend  on 
photodarkening  or  photobleaching  observed  in  the  as-prepared  chalcogenide  glassy  films.  More 
details  about  the  study  of  the  photobleached  films  could  be  found  in  [28], 

3.2.  Sub-band-gap  light  excitation 

In  early  experiments  on  interaction  of  linearly  polarized  and  circularly  polarized 
sub-band-gap  light  with  bulk  chalcogenide  glassy  samples  about  1  cm  thick,  several  photoinduced 
phenomena;  anisotropy,  gyrotropy  and  light-scattering  were  discovered  and  studied  [4  and  literature 
cited  there].  It  was  shown  also  that  the  polarization  state  of  the  light  changed  essentially  as  it  passed 
through  bulk  samplees:  both  rotation  of  the  plane  of  polarization  (optical  activity)  and  ellipticity 
were  seen  to  occur  [4].  Photoinduced  liner  and  circular  dichroism  and  birefringence  were  shown  to 
be  comparable  in  magnitude  and  to  be  responsible  for  the  occurence  of  elliptical  dichroism  and 
birefringence.  These  effects  were  observed  and  studied  later  in  direct  experiments  when  the  bulk 
samples  were  irradiated  by  the  elliptically  polarized  laser  light  with  different  ellipticity  [29,30]. 

In  the  next  series  of  investigations,  we  measured  the  linearly  polarized  or  circularly  polarized 
laser  radiation  transmitted  through  the  bulk  sample  and  radiation  scattered  by  the  sample  to  various 
angles  up  to  230  mrad  [31,32],  In  these  experiments  we  used  the  set-up  shown  in  Fig. lb. 

We  studied  the  kinetics  of  change  of  scattered  light  intensity  induced  by  strong  linearly 
polarized  or  circularly  polarized  radiation  with  two  orthogonal  directions  of  electrical  vector 
(Ey-  radiation  and  E^-  radiation,  Er-  radiation  and  Ej  -  radiation).  It  was  shown  that  the  Ey-radiation, 
for  example,  induces  an  increase  of  scattering  of  the  corresponding  (ly)  light.  Simultaneously,  the 
intensity  of  I^  light  usually  decreases.  On  the  contrary,  the  Ex  -  radiation  induces  a  decrease  of 
ly  light  and  a  growth  of  Ix  light.  The  analogous  results  were  recorded  in  the  case  of  circularly 
polarized  light. 

Fig,  4  and  5  show  a  typical  kinetics  of  photoinduced  changes  of  the  scattered  and 
transmitted  light  anisotropy  and  also  of  the  scattered  and  transmitted  light  gyrotropy.  It  is  seen 
from  the  figures  that  scattering  anisotropy  (gyrotropy)  and  transmittance  anisotropy  (gyrotropy) 
always  change  in  opposite  directions;  an  increase  of  one  of  them  is  accompanied  by  the  decrease  of 
the  other  one  and  vice  versa.  The  anisotropy  (gyrotropy)  of  scattering  and  transmittance  were 
shown  to  remain  practically  invariant  during  at  least  3-5  hours. 

In  some  experiments  the  sample  was  first  excited  by  non-polarized  light  and  only  then  was 
irradiated  by  linearly  or  circularly  polarized  radiation.  Non-polarized  radiation  induced  additional 
isotropic  light  scattering,  while  the  subsequent  linearly  or  circularly  polarized  radiation  resulted  in 
appearance  of  scattering  anisotropy  or  gyrotropy  which  could  be  reoriented.  This  peculiarity  is 
demonstrated  in  Fig.  5  for  the  case  of  photoinduced  gyrotropy. 

Obtained  quantitative  data  about  the  photo-induced  light  scattering  anisotropy  and  gyrotropy 
permit  us  to  draw  some  interesting  conclusions.  The  oppositely  directed  changes  of  photoinduced 
anisotropy  (gyrotropy)  of  transmittance  and  scattering  allow  us  to  assume  that  the  creation  of 
anisotropically  or  gyrotropically  scattering  centers  is  the  basis  of  the  whole  group  of  photoinduced 
vectorial  phenomena  in  bulk  chalcogenide  glasses  excited  by  the  sub-band-gap  light.  The  energy  of 
corresponding  light  quanta  is  not  sufficient  for  breaking  the  interatomic  covalent  bond,  but  sufficient 
to  produce  some  changes  in  the  system  of  weaker  bonds,  for  example,  intermolecular  Van  der  Waals 
bonds  or  the  so-called  three-center  bonds  [18].  These  changes  can  result  in  the  appearance  of 
scattering  centers  in  the  glass.  Such  centers  will  scatter  the  light  isotropically,  anisotropically  or 
gyrotropically  depending  on  the  polarization  state  of  the  inducing  radiation.  The  anisotropy 
(gyrotropy)  of  such  centers  can  be  reoriented  when  the  polarization  state  of  the  inducing  radiation  is 
changed. 
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Fig.  4.  Kinetics  of  transmittance  anisotropy  (1)  and  scattering  anisotropy  (2)  changes  in  an 
AS2S3  bulk  glass  sample  induced  by  Ey  and  Ex  laser  radiation. 


Fig.  5.  Kinetics  of  scattered  gyrotropy  (1)  and  transmittance  gyrotropy  (2)  changes  in  an  AS2S3 
bulk  glass  sample  induced  by  Er  and  El  laser  radiation. 

3.3.  Super-band-gap  light  excitation 

Interaction  of  super-band-gap  photons  with  chalcogenide  glass  could  not  be  studied  using  the 
transmittance  measurements  because  of  strong  light  absorption.  In  this  case  we  applied  the 
reflectance-difference  spectroscopy  which  allowed  us  to  investigate  the  photoinduced  anisotropy 
in  glassy  samples  both  thin  films  and  bulks  in  a  broad  spectral  range  [33].  In  these  experiments  we 
used  the  set-up  shown  in  Fig.lc.  The  measured  value  is  defined  as  Dr/r  =  2  (ry  -  rx)/(ry  +  rx),  where  ry 
and  rx  are  the  reflectance  values  for  the  polarization  of  the  probing  beam  in  the  direction  parallel  or 
perpendicular  to  the  polarization  of  the  inducing  beam. 

Main  new  results,  obtained  in  this  research,  were  the  observation  of  anisotropy  excited  by 
photons  with  energy  substantially  exceeding  the  band-gap  of  the  chalcogenide  glass  and  observation 
of  PA  at  energies  much  higher  than  the  energy  of  exciting  photons. 

Fig.  6  shows  the  PA  of  light  reflection  in  the  bulk  AS2S3  induced  by  the  linearly  polarized 
light  of  Xe  lamp  or  Ar^  laser.  It  is  seen  that  the  PA  is  appeared  in  the  whole  1. 5-5.0  eV  range. 
Interesting  that  for  the  glass  excited  by  Xe-lamp  light  the  trend  in  the  reflectance  change  was  the 
same  (increase  or  decrease  depending  on  the  polarization)  throughout  the  whole  studied  spectral 
range.  At  the  same  time,  in  case  of  the  Ar^  laser  excitation,  sign  variation  of  the  effect  is  clearly 
recorded.  The  increase  in  Dr/r  is  observed  for  larger  photon  energies  (above  4.0  eV)  similar  to  the 
previous  case  of  polychromatic  light  excitation,  but  for  smaller  photon  energies  an  opposite  change 
(decrease)  is  detected.  It  is  seen  also  that  a  change  of  the  light  polarization  to  the  orthogonal  one 
results  in  a  reversal  of  the  PA  with  the  same  crossover  energy  of  4.0  eV.  All  peculiarities  of  PA  of 
reflection  were  shown  to  be  characteristic  not  only  for  AS2S3  glass  but  also  for  all  chalcogenide 
glasses  studied. 
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Fig.  6.  Photoinduced  reflectance  anisotropy  (solid  lines)  and  its  reorientation  (dotted  lines)  in 
an  AS2S3  bulk  glass  sample  irradiated  by  the  light  of  1000  W  Xe  lamp  (a)  or  Ar"^  ion  laser  (b) 
and  schematic  representation  of  photostrucrural  changes  induced  by  the  above-band-gap 
light  (c). 

The  possibility  to  observe  PA  at  energies  much  larger  than  the  exciting  photon  energy 
indicates  that  by  irradiation  with  linearly  polarized  light  not  only  defects  or  the  scattering  centers  in 
the  glass  can  be  oriented  and  reoriented  by  light  but  that  the  main  interatomic  covalent  bonds  can  be 
also  oriented  and  reoriented. 

The  most  interesting  result  which  must  be  explained  is  the  essential  difference  of  reflection 
spectra  for  the  cases  of  Xe  lamp  and  Ar^  laser  light  excitation  (Figs.  6a  and  6b).  One  of  the 
posibilities  to  understand  this  difference  is  demonstrated  in  Fig.6c  for  the  simplest  case  of  elemental 
amorphous  selenium.  In  the  initial  state,  atom  3  is  threefold  coordinated  and  atom  10  is  onefold 
coordinated.  Following  the  photoexcitation  by  the  Ar^  laser  light  (above-band-gap  light)  with 
polarization  shown  in  the  figure,  lone-pair  (LP)  electrons  oriented  parallel  to  this  orientation  will 
predominantly  be  excited.  As  a  result,  atom  10  may  form  a  covalent  bond  with  a  neighbouring 
atom  8,  making  the  latter  threefold  coordinated.  To  keep  the  defect  concentration  and  charge  balance, 
initial  threefold  coordinated  atom  3  decays  into  a  singly  coordinated  defect  and  a  twofold 
coordinated  ’’regular”  atom.  We  see  here  a  redistribution  of  LP  and  bonding  orbitals.  Before 
photoexcitation,  the  bond  between  atoms  2  and  3  was  covalent  (parallel  to  the  x  axis),  while  atoms  8 
and  10  had  LP  orbitals  parallel  to  the  z  axis.  After  the  photoexcitation,  atoms  8  and  10  became 
bonded  by  a  covalent  bond  in  the  z  direction,  while  the  bond  between  atoms  2  and  3  is  broken,  and 
two  LP  orbitals  parallel  to  the  x  axis  are  created.  As  a  result,  the  total  number  of  bonding  electrons 
along  the  z  axis  decreases,  while  the  number  of  non-bonding  electrons  along  the  x  axis  increases, 
which  explains  the  opposite  change  in  the  anisotropy  probed  at  lower  and  higher  energies.  In  other 
words,  conversion  between  bonding  and  non-bonding  electrons  proceeds. 

In  the  case  of  broad-spectrum  light  (Xe  lamp),  the  above-considered  process  still  exists  but, 
additionally,  the  direct  excitation  of  bonding  electrons  by  the  high-energy  light  quanta  becomes 
possible,  resulting  in  the  decrease  in  the  number  of  bonding  electrons  in  the  direction  of  the  light 
polarization.  Since  the  density  of  states  is  larger  for  bonding  electrons  than  for  LP  electrons,  this 
latter  process  will  overcompensate  a  decrease  in  the  number  of  covalent  bonds  caused  by  the 
excitation  with  the  above-band-gap  light,  leading  to  the  same  change  in  the  sign  of  anisotropy  for 
both  lower  and  higher  energies. 
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Concluding  this  part  of  the  paper,  we  can  repeat  that,  in  our  opinion,  the  mechanisms  of  PA 
(and  of  photoinduced  gyrotropy)  are  different  for  the  cases  of  excitation  in  different  spectral  ranges. 
In  case  of  the  above-band-gap  excitation,  the  polarized  light  orients  the  natural  VAP's  existing  in  the 
film  and  creates  the  photoinduced  VAP's  that  can  be  quickly  oriented.  At  the  sub-band-gap 
excitation,  light  creates  scattering  centers  in  the  glass.  Such  centers  will  scatter  the  light 
isotropically,  anisotropically  or  gyrotropically  depending  on  the  polarization  state  of  the  inducing 
radiation.  This  process  is  displayed  also  in  isotropy,  anisotropy  or  gyrotropy  of  the  light  transmitted 
trough  the  sample.  At  last,  in  the  case  of  the  super-band-gap  light,  excited  radiation  is  able  to  orient 
and  reorient  the  main  interatomic  covalent  bonds  of  the  glass. 

3.4.  Polarization-dependent  photocrystallization 

Application  of  the  polarized  light  resulted  in  revealing  of  new  peculiarites  in  the 
phenomenon  of  photocrystallization  which  was  studied  already  during  about  30  years  [35].  It  was 
shown  that  the  polarization  state  of  exeited  light  influences  on  the  photocrystalization  process  and  on 
the  properties  of  crystallized  samples  [13-15,36].  Irradiation  of  glassy  SeyoAgisIis,  Se  and  Se8oTe2o 
films  with  linearly-polarized  He-Ne-  and  Ar"^  -  laser  light  was  shown  to  result  in  formation  of 
polycrystalline  films  with  strong  optical  anisotropy  (dichroism),  the  sign  of  which  is  determined  by 
the  direction  of  the  electrical  vector  of  light. 

Some  peculiarities  were  observed  in  the  processes  of  reorientation  of  PA.  Reorientation  of 
dichroism  in  the  films  studied  was  characterized  by  a  change  of  reorientation  kinetics  and  the 
dichroism  sign.  At  the  beginning  of  the  experiment,  when  the  film  was  amorphous,  the  vertical 
polarization  vector  stimulated  increase  of  positive  dichroism  while  the  horizontal  polarization  vector 
diminished  positive  dichroism  and  led  to  negative  dichroism.  In  the  following  stages,  the  reverse 
processes  were  observed  as  it  is  demonstrated  for  the  Se8oTe2o  films  in  Fig.  7.  Final  dichroism  was 
stable,  it  did  not  relax  in  the  darkness  and  could  not  be  erased  in  the  process  of  annealing  at  the  glass 
transition  temperature. 


Fig.  7.  Kinetics  of  dichroism  generation  and  reorientation  in  a  thermally  treated  Se8oTe2o  film 
induced  by  a  linearly  polarized  He-Ne  laser  beam  with  horizontal  (x)  and  vertical  (y) 

directions  of  electrical  vector. 

In  [37]  the  phenomenon  of  laser-induced  suppression  of  the  rate  of  photocrystallization, 
induced  by  another  laser  beam,  was  observed  in  glassy  Se  films.  A  decisive  role  of  the  polarization 
state  of  the  two  laser  beams  was  demonstrated,  namely,  the  suppression  effect  was  observed  only 
when  the  linear  polarization  of  both  beams  were  parallel  to  each  other.  If  the  polarizations  were 
orthogonal,  enhancement  of  the  photocrystallization  was  observed. 


Interaction  of  polarized  light  with  chalcogenidc  glasses 


273 


In  the  Se8oTe2o  films,  which  are  characterized  by  much  smaller  electrical  resistance  than  the 
other  studied  films,  we  succeeded  to  observe  the  photoinduced  anisotropy  of  photoconductivity.  The 
results  of  study  of  the  Se8oTe2o  samples,  having  special  electrodes  and  working  in  the  bridge-type 
scheme  (which  will  be  shown  in  Fig.  10  and  discussed  later)  are  demonstrated  in  Fig.8,  It  is  seen  that 
irradiation  of  the  sample  by  strong  linearly  polarized  light  leads  to  appearance  and  growth  of 
photocurrent  in  the  circuit  that  was  preliminary  balanced.  The  change  of  the  exciting  light 
polarization  to  the  orthogonal  one  was  always  accompanied  by  the  reversible  jumps  of  the  current. 
Such  kinetics  of  photocurrent  is  very  analogous  to  the  kinetics  of  the  optical  dichroism  changes  that 
proceed  at  the  polarization-dependent  laser  crystallization.  The  early  stages  can  be  related  towards 
the  kinetics  of  polarization-dependent  laser-induced  crystallization  and  the  next  stages  indicate  to  the 
anisotropy  of  photoconductivity  in  the  photocrystal lized  Se8oTe2o  films. 


Time,  min 


Fig.  8.  Kinetics  of  photocurrent  AI  in  a  thermally  treated  Se8oTe2o  film  induced  by  a  linearly 
polarized  He-Ne  laser  beam  with  horizontal  (x)  and  vertical  (y)  directions  of  electrical 

vector. 

3.5.  Polarization-dependent  photodoping 

It  was  shown  previously  that  the  Ag-photodoping  of  AS2S3  glassy  films  by  linearly  polarized 
light  is  accompanied  by  generation  of  strong  dichroism  with  sign  opposite  to  that  generated  in 
Ag-free  films  [34].  This  phenomenon  was  called  by  "polarized  photodoping".  Recently  we 
demonstrated  that  polarized  photodoping  by  silver  is  characteristic  not  only  for  AS2S3  films  but  also 
for  many  different  chalcogenidc  glassy  films  (As2Se3,  AssoSeso  and  GeS2.2)-  Some  peculiarities  were 
observed  in  the  kinetics  of  photoinduced  dichroism  generation.  These  peculiarities  are  demonstrated 
in  Fig.  9  for  the  case  of  polarized  photodoping  of  AssoSeso  film.  When  the  structure  Ag  -  AssoSeso  is 
irradiated  by  linearly  polarized  He-Ne  laser  beam  of  certain  polarization,  for  example,  with 
horizontal  direction  of  the  electrical  vector,  the  positive  dichroism  appeared  and  increased  quickly. 
Then,  after  passing  through  some  maximum  value,  dichroism  started  to  decrease  (Fig.9a).  Very 
unusual  was  the  kinetics  of  dichroism  reorientation.  In  the  first  cycles  of  dichroism  reorientation,  the 
horizontal  polarization  vector  stimulated  increase  of  positive  dichroism,  while  the  vertical 
polarization  vector  decreased  the  dichroism  value,  in  the  following  stages  the  reverse  picture  was 
recorded  as  it  is  shown  in  Fig.  9b.  This  situation  remined  us  the  picture  that  we  observed  in  case  of 
above-considered  photoinduced  polarized  crystallization  and  we  assumed  existence  of 
photocrystallization  also  in  this  case.  Some  experimental  confirmations  of  this  assumption  were 
obtained  but  this  fact  needs  in  further  investigation.  At  last  we  can  say  that  some  interesting  results 
were  also  obtained  at  the  Zn-photodoping  of  chalcogenidc  glassy  films. 
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Fig,  9.  Kinetics  of  dichroism  generation  and  reorientation  in  Ag-photodoped  AssoSeso  film 

under  action  of  linearly  polarized  laser  light  with  two  orthogonal  directions  of  electrical  vector 

(x  and  y). 

3.6.  Photoinduced  anisotropy  of  photoconductivity 

In  our  recent  research  we  demonstrated  that  the  photoinduced  optical  anisotropy  in 
amorphous  AssoSeso  chalcogenide  films  is  accompanied  by  the  photoinduced  anisotropy  of 
photoconductivity  and  that  this  effect  is  optically  reversible.  0.3-2.0  pm  thick  amorphous  AssoSeso 
films  were  prepared  by  conventional  vacuum  evaporation  technique.  A  set-up  for  study  of 
photoconductivity  employed  one  linearly  polarized  beam  of  either  a  He-Ne  laser 
(P=2.75  W/  cm^  X=633  nm)  or  an  Ar"^  laser  (P=0.3  W/cm^  ?i=488  nm)  which  was  used  for  creating 
of  anisotropy  and  at  the  same  time  for  generation  of  photocarriers.  Anisotropy  of  photoconductivity 
was  measured  using  films  with  evaporated  golden  electrodes,  as  it  is  shown  in  Fig.  10.  The  space 
between  parallel  electrodes  1-2  and  2-3  was  50  pm.  The  electric  circuit  was  equilibrated  by  moving 
the  non-polarized  beam  (shown  as  a  circle  4  in  Fig.  10)  until  the  nanoampermeter  G  read  a  zero 
current.  Irradiation  with  a  linearly  polarized  beam  with  an  electric  vector  parallel  either  to  1-2  or  to 
2-3  electrodes  resulted  in  a  differential  current  detected  by  a  nanoampermeter. 

Fig.  1 1  shows  the  data  on  anisotropic  photoconductivity.  Irradiation  of  sample  by  the  intense 
linearly  polarized  beam  with  an  electric  vector  parallel  either  to  1-2  or  to  2-3  electrodes  resulted  in  a 
current  in  the  circuit  of  Fig.  10,  which  was  a  differential  current  between  1-2  and  2-3  electrodes,  A 
change  in  the  polarization  state  of  the  inducing  light  resulted  in  the  respective  change  of  the  sign  of 
the  resultant  current.  Kinetics  of  the  change  of  resultant  current  was  similar  to  the  kinetics  of 
reorientation  of  the  optical  dichroism.  Qualitatively  similar  results  were  obtained  when  using  the 
intense  linearly  polarized  Ar^  laser  beam. 
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Fig.  10.  Layout  of  electrodes  and  electrical  circuit  for  measurement  of  anisotropy  of 
photocurrent.  1,2,3  are  the  golden  electrodes,  4  is  a  laser  beam,  G  is  a  nanoampermeter,  VI 

and  V2  are  the  voltage  sources. 


Time,  min 


Fig.  11.  Kinetics  of  photocurrent  AI  in  AsjoSeso  film  induced  by  Ex  and  Ey  linearly  polarized 
He-Ne  laser  beam  with  electrical  vector  directed  parallel  or  orthogonal  to  1  -2  electrodes  of  the 

sample  shown  in  Fig.lO. 

One  would  doubt  that  the  observed  change  of  photocurrent  in  Fig.  1 1  is  due  to  photoinduced 
anisotropy  of  photoconductivity  because  the  current  might  appear  also  due  to  a  subtle  shift  (drift)  of 
the  laser  beam  relative  to  electrodes.  In  order  to  reject  this  possibility,  we  carried  out  experiment 
with  films  CdSe,  where  photoinduced  optical  anisotropy  was  not  observed.  Large  photoconductivity 
is  a  property  of  these  films.  Irradiation  by  the  non-polarized  He-Ne  laser  beam  resulted  in  gradual 
increase  of  the  photocurrent  up  to  400  times.  However,  irradiation  of  CdSe  film  with  a  linearly 
polarized  He-Ne  laser  beam  with  either  Ex  or  Ey  polarization  did  not  result  in  any  change  of  optical 
absorption  or  in  appearance  of  anisotropy  of  photocurrent.  This  result  rules  out  an  effect  of  laser 
beam  instability  (drift)  on  the  data  presented  in  Fig.  1 1  regarding  anisotropy  of  photoconductivity  in 
AssoSeso  films.  To  the  best  of  our  knowledge,  we  report  a  first  observation  of  photoinduced 
anisotropy  of  electrical  properties  and  its  optical  reversibility  in  chalcogenide  films. 
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3.6.  Some  other  results  of  interaction  of  polarized  light  with  calcogenide  glasses 

We  want  to  mention  shortly  two  recently  discovered  and  studied  effects  of  polarized  light 
interaction  with  chalcogenide  glassy  films.  First  effect,  anisotropic  optomechanical  effect,  consists  in 
appearance  of  optically  controllable,  reversible  nanocontraction  and  nanodilatation  induced  in 
chalcogenide  glassy  film  (AssoSeso  film)  by  the  linearly  polarized  light  [38].  Very  good  correlation  of 
this  effect  with  photoinduced  dichroism  was  observed.  Mechanism  of  this  effect  (also  as  the 
mechanism  of  other  photoinduced  vectorial  effects  in  chalcogenide  glases)  needs  in  farther  study  but 
even  now  it  is  clear  that  it  can  form  the  base  of  a  number  of  mechanical  applications  driven  by 
polarized  light. 

Other  interesting  phenomena  were  discovered  recently  in  the  ion-conducting  chalcogenide 
glasses  [39,40].  Studying  the  Ag-As-S  films  excited  by  linearly  polarized  light,  Tanaka,  Gotoh  and 
Hayakawa  revealed  large  reversible  positive  birefringence  and  anisotropic  surface  deformations.  The 
anisotropic  shape  reflected  the  polarization  direction  and  moreover,  the  shape  changed  from  a 
crater-like  to  anticrater-like  form,  following  change  from  illumination  on  the  free  surface  of  the  film 
to  illumination  through  a  substrate  [40].  The  authors  connnected  the  formation  mechanism  of  such 
patterns  with  photoinduced  migration  of  Ag^  ions  in  the  film. 

Concluding  this  short  review  paper,  we  can  say  that  investigation  of  interaction  of  polarized 
light  with  chalcogenide  glasses  is  in  the  initial  stage.  It  was  demonstrated  that  irradiation  with 
polarized  light  can  result  in  many  unusual  and  interesting  phenomena  in  chalcogenide  glasses. 
Examples  of  such  phenomena  are  polarization-dependent  photocrystallization, 
polarization-dependent  metal  photodoping,  photoinduced  anisotropy  of  photoconductivity, 
anisotropic  optomechanical  effect  and  anisotropic  surface  deformations  which  were  shortly 
considered  in  this  paper.  Now  we  are  able  to  give  only  some  speculative  explanation  to  all  these 
phenomena  but  hope  to  obtain  more  detailed  understanding  in  the  process  of  future  research.  We 
hope  also  that  some  of  these  phenomena  will  find  interesting  application  in  modern  electrooptics  and 
photonics. 
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Computer  relaxed  structural  models  of  arsenic  based  chalcogenide  glasses  allowed  to 
demonstrate  that  the  atomic  configurations  in  these  materials  are  anisotropic  with  a  strong 
tendency  to  extend  as  disordered  layers.  In  the  frame  of  these  models  the  photostructural 
transformations  and  photoinduced  anisotropy  find  a  straightforward  explanation. 
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1*  Introduction 


The  atomic  scale  structure  of  non-crystalline  chalcogenides  is  still  a  challenging  problem. 
With  the  advent  of  surprising  discoveries  in  the  field  of  chalcogenide  glasses,  as  e.g.  the  photoinduced 
anisotropy  [1]  and  photoinduced  fluidity  [2]  the  problems  related  to  the  atomic  scale  structure  and  to 
structural  modifications  induced  by  light  become  more  and  more  important. 

In  this  paper  are  presented  the  main  results  obtained  in  the  modelling  of  the  structure  of  some  arsenic 
based  chalcogenides  and  of  structural  transformations  in  these  glasses. 

2.  Modelling 

The  modelling  of  the  non-crystalline  arrangements  of  the  atoms  was  carried  out  starting  from 
simulated  assemblies  of  atoms  constructed  by  hand,  with  special  building  units.  The  coordinates  of 
the  atoms  were  measured  by  a  cathetometer  method  and  the  tables  of  coordinates  and  atom  bonding 
topology  were  introduced  into  computer.  By  using  appropriate  force  constants  for  the  covalent  bonds 
between  the  atoms,  after  [3],  and  a  Monte  Carlo-Metropolis  procedure  for  the  minimization  of  the  free 
energy  of  every  model,  we  got  a  physically  realistic  structure.  A  FORTRAN  computer  program  in 
Lynux  system  was  run  on  a  Pentium  PC,  in  order  to  perform  the  energy  relaxation  of  the  atomic 
models. 


3.  Results 

3.L  Is  there  amorphous  arsenic  made  of  anisotropic  layer-like  configurations? 

As  stated  by  Krebs  and  Steffen  [4]  and  by  Breitling  and  Richter  [5]  the  amorphous  arsenic  can 
be  obtained  in  two  forms:  p-As  and  y-As.  Bulk  samples  and  precipitated  amorphous  arsenic  exhibit  a 
P-type  structure  while  evaporated  films  are  of  y-type.  The  differences  in  the  X-ray  scattered  intensities 
and  the  corresponding  RFD’s  are  evident  in  Fig.  la,b. 

The  first  sharp  diffraction  peak  (FSDP)  plays  an  essential  role  when  the  two  forms  are 
identified.  Moss  and  Price  [6]  have  shown  that  during  annealing  this  peak  increases  and  becomes 
narrow,  thus  suggesting  a  transition  from  y  to  p  form. 

In  order  to  explain  the  amorphous  structure  of  arsenic,  firstly  microcrystalline  models  were 
tried.  Two  types  of  As-crystal  do  exist:  a  rhombohedral  phase  (Rh-As)  and  an  orthorhombic  (Or- As) 
one.  The  first  one  has  a  “chair-like”  configuration  of  the  atoms  and  the  second  one  exhibits  a 
’’layered”  structure.  Smith  et  al.[7]  have  shown  that  only  for  the  orthorhombic  crystal  the  special 


280 


M.  Popescu 


deformation  of  the  lattice  gives  rise  to  FSDP.  They  concluded  that  a- As  is  related  to  the  orthorhombic 
crystal. 


Fig.  1 .  The  structure  factor  (a)  and  the  radial  distribution  function  (b)  for  the  two  forms  of 
amorphous  arsenic;  p  and  y  arsenic. 


Davis  et  al.[8]  have  built  an  amorphous  arsenic  (a-As)  model  with  533  atoms  and  computed 
its  minimum  free  energy  configuration.  The  authors  concluded  that  the  model  reproduces  quite  well 
the  experimental  RDF.  Nevertheless,  two  unresolved  problems  still  remain:  a),  the  explanation  of  the 
differences  between  P-As  and  y-As  in  the  frame  of  the  CRN  model  and  b).  the  aptitude  of  the  model 
to  reproduce  FSDP.  In  order  to  explain  the  FSDP  some  authors  assume  the  existence  of  definite 
molecular  species  in  the  material  (e.g.  As4  molecules  found,  also,  in  the  vapour  phase). 

In  modeling  the  structure  of  disordered  three-fold  coordinated  arsenic  we  started  from  the 
assumption  that  disordered  folded  layers  are  the  main  constituents  of  the  non-crystalline  phases.  This 
idea  seems  to  have  the  chance  to  explain  the  increase  of  the  internal  distance  deduced  from  the 
position  of  the  FDSP,  d  FDSP,  when  one  passes  from  crystal  to  amorphous  phase.  In  the  same  time 
the  way  seems  to  be  opened  to  explain  the  structural  differences  between  P-As  and  y-As:  in  y-As  the 
disordered  layers  are  highly  interconnected  and  kept  together  by  occasional  bonds  which,  during 
annealing  break  and  a  new  equilibrium  distance  between  layers  is  established.  Thus,  the  new  relaxed 
form  P-As  is  obtained.  The  distance  c/ FDSP  is  larger  for  the  relaxed  case,  as  observed. 

With  the  aim  to  shed  more  light  on  the  structure  of  a-As  we  carried  out  structural  simulations 
using  atomic  scale  models.  The  free  energy  of  a  hand  built  model  as  a  disordered  layer  with  146 
atoms  was  minimized  by  computer  using  a  Monte  Carlo  procedure.  Bond  stretching,  fj  and  bond 
bending,  fj  force  constants  with  f2/fi=l  were  used.  An  equilibrium  distance  ri=2.51  A  and  a  bond 
angle  a=98®  were  used. 

The  main  characteristics  of  the  disordered  layer  with  minimum  free  energy  are: 

-number  of  5,6, 7,8  -fold  rings  are  22,16,1 1,3,  respectively. 

-r.m.s.  of  ri  is  0.1 1  A  and  r.m.s.  of  a  is  7.87“. 

Now  we  shall  try  to  prove  the  validity  of  the  hypothesis  regarding  the  structure  with 
disordered  layers  for  a-As.  An  important  experimental  finding  in  a-As  and  other  glasses  with 
arsenic[9]  is  that,  as  a  general  feature,  the  distance  corresponding  to  the  angular  position  of  FSDP  is 
significantly  higher  than  the  interlayer  distance  in  the  parent  crystals.  For  a-As  the  interlayer  distance 
is  5.85  A,  appreciably  exceeding  that  of  5.50  A  for  the  interlayer  distance  in  orthorhombic  arsenic.  No 
reasonable  explanation  for  this  difference  was  given  up  to  day.  It  is  quite  improbable  that  the  Van  der 
Waals  equilibrium  distances  between  layers  in  amorphous  and  crystalline  materials  would  be 
essentially  different.  Nevertheless,  if  one  supposes  that  the  effective  thickness  of  the  layers  are 
different  in  the  amorphous  and  crystalline  phase,  the  apparent  increase  of  the  interlayer  distance  can 
be  understood. 

In  order  to  determine  accurately  the  thickness  of  the  simulated  irregular  layer  we  computed 
the  statistics  of  the  height  of  the  individual  As-pyramids.  We  have  obtained  the  mean  value  of  the 
heights:  1.63  A.  If  one  takes  into  account  that  the  layer  thickness  in  As  crystal  d=1.25  A,  then  the 
increase  in  the  layer  thickness  (from  c-As  to  a-As)  is  0.38  A.  This  increase  of  the  layer  thickness 
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correspond  to  the  increase  of  the  interlayer  distance  and  is  in  excellent  agreement  with  the  best 
experimental  value:  d=  5.85  -  5.50  =  0.35  A. 

Thus,  on  the  basis  of  the  above  calculation,  we  can  furnish  a  sound  argument  for  the  origin  of 
FSDP  in  a-As,  but  the  problem  is  now  to  stack  layers  in  order  to  obtain  a  correct  three-dimensional 
structure. 

Three  identical  layers,  shifted  along  the  Oz  axis  by  5.85  A  give  rise  to  a  spatial  model,  which 
is  unsatisfactory  as  concerning  the  details  of  the  RDF.  To  avoid  the  exact  periodicity  of  the  layers 
which  constitute  the  model,  each  of  them  was  differently  oriented  (rotated  by  nil,  reflected  in  the 
XOY  plane).  The  resulting  RDFs  (especially  for  the  model  with  reflection)  after  correction  for  their 
finite  size,  is  in  quite  good  agreement  with  the  experimental  RDF  for  a-As  (Fig.  2) 


Fig.  2.  The  radial  distribution  function  of  the  Popescu’s  model  with  disordered  layers 
(3  X  146  atoms)  compared  to  the  experimental  function. 

The  agreement  of  the  experimental  and  model  RDFs  seems  to  be  as  good  as  the  agreement  of 
the  experimental  RDF  and  the  RDF  for  the  CRN  model  devised  by  Davis  et  al.  A  decisive  test  for  the 
validity  is  however  the  aptitude  of  the  model  to  reproduce  the  FSDP. 

We  performed  a  detailed  analysis  of  several  typical  models  for  a-As: 
the  Greaves-Elliott-Davis  model  [10],  the  Beeman’s  model  (private  communication  of  the 
coordinates)  and  our  layered  model  (Popescu's  model).  Firstly,  we  calculated  the  structure  factor  in 
the  region  of  the  FSDP  for  the  above  models.  Secondly,  we  calculated  the  hole  radius  distribution  (in 
the  models). 

In  order  to  determine  the  radius  distribution  of  the  holes  in  a  given  computer  model  we  used  a 
Monte-Carlo  procedure.  Starting  from  a  given  position  inside  the  model,  the  distance  d  to  the  nearest 
atom  was  calculated.  Afterwards,  small  random  movements  were  given  to  this  arbitrary  position  and 
were  retained  only  those  moves  which  led  to  higher  radius  of  the  hole.  Finally  the  maximum  radius 
was  obtained.  By  repeating  the  procedure  at  different  starting  positions  inside  the  model,  the  complete 
distribution  of  the  holes  was  obtained. 

While  FSDP  reflects  the  degree  of  layering  of  the  model,  hole  radius  distribution  (HRD) 
accounts  for  the  layer  packing  characteristics.  Fig.  3  shows  the  structure  factor  in  the  FSDP  range  for 
various  models  of  a-As  and  for  crystalline  As  (c-As). 

A  significant  correlation  is  evidenced  between  the  height  of  the  FSDP  and  the  width  of  the 
HRD.  If  no  layers  are  developed  in  the  model,  the  FSDP  is  lacking  (see  the  GED  model).  The 
Beeman's  model  exhibits  a  bimodal  distribution  of  hole  radii  and  this  feature  is  correlated  with  the 
splitting  of  the  FSDP.  The  Popescu's  model  with  well-correlated  layers  shows  a  very  strong  FSDP. 
The  peak  developed  by  the  crystal  in  the  region  of  FSDP  has  low  intensity.  The  r.m.s.  of  HRD  in  the 
GED  model  is  large  (not  yet  computed  from  the  data  given  in  Fig.  3  !)  while  for  the  Popescu’s  model 
is  narrow.  We  must  point  out  that  the  careful  investigation  of  the  Beeman’s  model  (633  atoms)  has 
evidenced  some  compressed  regions  with  the  tendency  to  raise  the  first  coordination  sphere  and 
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regions  with  lower  density  (normal  coordination  sphere:  N=3).  This  inhomogeneity  seems  to  be 
responsible  for  the  split  FSDP. 


a  b 

Fig.  3.  The  FSDP  region  (a)  and  the  hole  radius  distribution  (b)  in  three  models  for  a-As:  1 . 
Beeman’s  model;  2.  GED’s  model;  3.  Popescu’s  model. 

As  a  conclusion  it  seems  plausible  to  have  layered  configurations  in  amorphous  arsenic. 

One  important  result  of  this  modelling  is  the  discovery  of  the  relation  between  the  quasi¬ 
periodicity  obtained  from  the  position  of  the  FSDP,  dpsop ,  and  the  inter-layer  distance,  as  introduced 
in  the  models.  Fig.  4  shows  the  results. 


Fig.  4.  The  relation  between  the  quasi-periodicity  distance  characteristic  to  FSDP  position, 
calculated  from  arsenic  models,  and  the  inter  -  layer  distance,  dmodci.  in  the  same  physical 

models. 


The  following  correlation  holds: 


dpSDP"  1-23  dniodel  (^) 

A  simple  explanation  of  this  relation  is  related  to  the  waved  character  of  the  disordered  layers. 
The  mean  interlayer  distance  for  a  waved  atomic  configuration  is,  obviously,  larger  than  that  of  a 
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“planar”  configuration.  Thus,  the  modelling  results  bring  a  firm  proof  for  the  waved  layer  structure  of 
amorphous  arsenic,  which  can  be  extended  to  other  layered  chalcogenide  alloys. 

It  is  remarkable  that  Apling  et  al.  [11]  found  a  relation  between  the  quasi-periodicity,  dpsop, 
calculated  from  the  FSDP  position  in  AS2S3  films,  and  the  diameter,  dmob  of  the  molecular  AS4S6 
(~6.5  A),  as  dpsDP  “  0.83  dmoi- 

3.2.  Amorphous  As2Se3 

The  intensity  patterns  of  the  X-ray  diffraction  in  binary  chalcogenide  glasses  of  composition 
AS2S3,  As2Se3,  As2Te3  and  of  their  alloys  show  obvious  similarities.  The  most  striking  one  is  the 
presence  of  the  FSDP  around  s~0.1  A’’. 

The  structure  of  some  As-Se  glasses  was  modelled  by  Rechtin  and  Averbach  [12].  In  the 
framework  of  their  computer  model,  the  free  energy  minimization  was  avoided:  a  quasi-random 
assembly  of  As  and  Se  atoms  was  arranged  using  a  Monte-Carlo  method  so  as  to  obtain  a  best  fit  to 
the  radial  distribution  function  (RDF)  of  the  glass.  For  a-As2Se3  the  authors  claim  a  very  good 
agreement  of  of  the  experimental  and  model  RDFs.  Nevertheless,  if  one  computes  the  structure  factor 
I(s)  of  the  model,  a  discrepancy  does  appear  in  the  region  of  the  FSDP.  The  I(s)  curve  calculated  by  us 
on  the  basis  of  published  data  in  [13]  does  not  exhibit  any  FSDP. 

A  continuous  random  model  (CRN)  for  a-As2Se3  (a  cluster  with  146  simulated  atoms)  of 
minimum  free  energy  was  devised  by  Prof.  Grigorovici  and  me.  Although  the  RDF  of  our  model 
seemed  to  be  quite  satisfactory  (Fig.  5b),  the  calculated  s.I(s)  again  did  not  reproduce  the  FSDP 
(Fig.  5a).  We  are  forced  to  conclude  that  a  true  random  model  for  this  glass  is  inadequate. 


Fig.  5.  Modelling  results  for  AsiScs.  ( —  CRN  model;  "  LCRN  model; —  experiment). 


A  new  model  with  146  atoms,  with  a  bias  towards  a  layered  structure  (LCRN)  was  obtained 
by  changing  the  bonding  pattern  in  the  initial  CRN  model  of  a-As2Se3.  Its  atoms  were  partitioned  into 
three  superposed  layers.  Bonds  were  established  chiefly  among  the  atoms  of  each  layer.  Only  four 
selenium  atoms  formed  bridges  between  layers,  two  for  each  pair.  The  RDF  of  this  layer-biased  model 
differs  only  slightly  from  that  of  the  CRN  model,  but  its  reduced  structure  factor  s.I(s)  displays  the 
previously  lacking  FSDP  (Fig.  5).  This  is  a  strong  argument  in  favour  of  the  structure  with 
anisotropic,  layer-like  configurations  in  arsenic  chalcogenides. 

3.3.  Amorphous  As2S3.Ge, 

In  the  series  of  ternary  chalcogenides,  based  on  AS2S3  and  allied  with  various  content  of 
germanium,  the  main  feature  in  the  strueture  factor  is  the  appearance  of  a  well-developed  FSDP. 
Fig.  6  shows  the  X-ray  diffraction  pattern  for  several  compositions  in  the  system. 
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Fig.  6.  X-ray  diffraction  pattern  of  As2S3.Gex  (x  -0.26;  0.68;  0.88;  1.67;  2.14;  2.70;  3.33). 

Cu  K„  radiation.  1)  X  =  0.26;  2)x  =  0.68;  3)x  =  0.88;  4)x=1.67;  5)x  =  2.14;  6)x  =  2.70; 

7)x  =  3.33. 

Firstly,  we  must  observe  that  the  intensity  of  the  FSDP  firstly  increases  with  x  and,  after 
reaching  a  maximum  intensity  around  the  composition  x  =  0.88  decreases  and  becomes  broader.  A 
gradual  shift  of  the  FSDP  position  towards  larger  quasi-periodicity,  when  more  and  more  germanium 
is  added,  is  supposed  to  be  correlated  to  the  layer  configurations  in  the  material.  We  have  used  the 
detailed  structural  unit  distribution  deduced  by  Andreichin,  Grigorovici  et  al.  [14],  for  every 
composition  x  and  have  calculated  the  average  thickness  of  the  layers  (it  was  assumed  that  the  layer 
thickness  is  given  by  the  mean  value  of  the  height  of  different  structural  units  weighted  by  the 
compositional  coefficients).  We  found  the  theoretical  values  of  the  interlayer  distance,  dmodei-  A 
comparison  with  the  experimental  values  is  shown  in  Fig.  7. 


_70 


6.0 


50 


Fig.  7.  The  quasi-periodicity,  dpsop,  in  the  As2S3Gex  system,  as  a  function  of  the  germanium 
content,  x.  (x  -  experimental  points;  .  -  theoretical,  based  on  structural  units). 

The  excellent  agreement  is  a  new  argument  in  favour  of  the  anisotropic  configurations  in 
glass.  On  the  other  hand  we  must  stress  that  the  strong  intensity  developed  around  the  topological 
threshold  Z=  2.67  seems  to  indicate  a  maximum  extension  and  alignment  of  the  anisotropic 
configurations  in  this  system. 
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3.4.  The  anisotropic  configurations  and  the  photo-anisotropy  effect 

The  mechanism  of  the  photoinduced  anisotropy  in  chalcogenide  glasses  is  still  speculative. 
Nevertheless,  several  models  have  been  developed.  Grigorovici  et  al.  [15]  proposed  the  first  model  for 
the  vectorial  (anisotropic)  reversible  transformations  in  two  stages,  based  on  biphotonic  processes, 
where  VAP  dipolar  state  is  the  same  with  that  in  the  case  of  the  scalar  (isotropic)  transformations,  i.e. 
of  the  photodarkening  (PD).  The  vectorial  and  scalar  transformations  differ  only  by  the  second  stage 
of  the  induced  modifications.  In  the  scalar  processes  the  polymerization  has  not  a  directional 
character.  The  two  types  of  processes  are  necessarily  limited  to  the  materials  where  are  possible  the 
light  induced  transitions  towards  a  metastable  excited  state  with  a  different  degree  of  sti-uctural 
connectivity.  In  the  vectorial  transformations,  the  second  stage  leads  to  a  preferential  orientation  of 
the  covalent  bonds  due  to  the  directional  character  of  the  interaction  between  the  VAP  dipole  and  the 
electric  field  of  the  incident  light  wave. 

Lyubin  and  Klebanov  [16]  discussed  the  various  possible  mechanisms  for  the 
photoanisotropic  transformations  and  concluded  that  the  mechanisms  are  different  for  the  cases  of 
excitation  in  different  spectral  ranges.  At  the  sub-band-gap  excitation,  light  creates  scattering  centers 
in  the  glass.  Such  centers  will  scatter  the  light  isotropically,  anisotropically  or  gyrotropically 
depending  on  the  polarization  state  of  the  inducing  radiation.  In  the  case  of  the  super-band-gap  light, 
the  excited  radiation  is  able  to  orient  and  reorient  the  main  interatomic  covalent  bonds  of  the  glass. 

In  the  framework  of  our  models  with  anisotropic  disordered  configurations  of  atoms,  it  is 
possible  to  explain  the  anisotropy  induced  by  polarized  light.  The  system  of  anisotropic,  layer-like 
configurations,  looks  are  an  assembly  of  domains  which  can  be  partially  oriented  by  elementaiy  bond 
breaking  and  rebonding  processes,  which  fact  induces  a  macro-anisotropy  observed  in  many  cases.  An 
example  case  of  bond  switching  can  be  followed  in  Fig.  8. 


o  As 

•  Se 


a  b 

Fig.  8.  The  relaxed  layer  configuration  in  As3Se2  (a)  and  the  stressed  configuration  (b) 
obtained  by  bond  switching  within  the  atomic  configuration. 

If  one  supposes  that  a  quantum  of  polarized  light  is  acting  on  the  configuration,  then  the 
orbitals  situated  in  the  direction  of  oscillation  of  the  electrical  vector,  that  takes  part  into  the  covalent 
bond,  are  excited,  the  bond  breaks  and  the  energy  in  excess  allows  for  a  new  bonding  within  the 
configuration.  This  effect  is  facilitated  for  the  atoms  with  more  distorted  bonds.  In  our  case  when  two 
bonds  are  broken  by  a  two  photon  process,  then  new  bonds  can  be  formed,  and,  as  a  consequence, 
other  two  breaking  are  committed  in  order  to  compete  with  the  loss  of  distortion  energy.  A  new 
metastable  configuration  correlated  with  the  orientation  of  the  neighbouring  configurations  (this  is 
somewhat  similar  to  the  case  of  cooperative  orientation  of  the  magnetic  domains)  account  for  new 
directional  properties;  photoinduced  maero-anisotropy.  Energetical  relaxation  of  the  models  with  1 1 0 
atoms  (Fig.  8)  shows  that  the  difference  between  the  free  energy  of  the  two  configurations  is  enough 
low  to  account  for  a  possible  photo-induced  effect  when  the  material  is  illuminated  by  laser  light,  as 
observed  in  the  experiment. 
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4.  Conclusions 

The  ball  and  stick  modelling  combined  with  the  computer  relaxation  of  the  models  provide 
important  informations  on  the  structure  of  non-crystalline  chalcogenides.  The  anisotropic 
configurations  of  atoms  demonstrated  in  the  structure  of  arsenic  based  chalcogenides,  proved  to  be 
useful  in  the  explanation  of  the  photoinduced  anisotropy  in  glassy  chalcogenides.  The  anisotropic 
domains  switch  their  bonding  according  to  the  direction  of  the  polarization  vector  of  the  exciting  light 
and  determine  new  bonding  and  orientation  of  the  anisotropic  cluster,  within  a  cooperative  effect 
shared  by  the  neighbouring  configurations,  that  gives  rise  to  the  macroscopic  anisotropy  observed  in 
these  materials. 
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ON  THE  CHANGES  IN  THE  STRUCTURAL  AND  OPTICAL  PROPERTIES 
ACCOMPANYING  THE  ATHERMAL  PHOTOVITRIFICATION  PHENOMENON 

IN  AssoSeso  THIN  FILMS 
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The  effect  of  successive  annealing-illumination  cycles  on  the  structural  and  optical  properties 
of  wedge-shaped  As5oSe5o  amorphous  chalcogenide  thin  films,  has  been  studied.  It  is  observed 
that  illumination  increases  the  thickness  and  shrinks  the  bandgap.  Annealing  of  the 
chalcogenide  films,  before  or  after  illumination,  decreases  the  thickness.  However,  although 
annealing  after  illumination  increases  the  bandgap,  when  this  treatment  is  carried  out  upon  the 
as-evaporated  films,  the  bandgap  decreases.  The  photostructural  changes  have  been  explained 
in  terms  of  two  different  mechanisms,  which  can  coexist.  One  of  them  involving  the  repulsion 
and  slip  motion  of  the  2D  structural  layers  comprising  the  ‘pyramidal’  network,  as  a 
consequence  of  the  negative  charging  of  these  structural  layers,  by  electron  accumulation  in 
conduction-band  tails,  and  the  other,  involving  the  As4Se4  molecules,  typical  of  thermally- 
evaporated  As-rich  chalcogenides  films,  and  forming  particularly  the  crystalline  form  of 
medium-thickness  (l-r2  pm)  AssqSqso  films. 

(Received  June  4,  2001;  accepted  June  1 1, 2001) 
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Athermal  photovitrification 


1«  Introduction 

Amorphous  chalcogenides  exhibit  a  wide  variety  of  photoinduced  structural  transformations 
[1].  A  flexible  structure  due  to  the  presence  of  lone-pair  electrons,  on  the  one  hand,  and  localization  of 
carriers  because  of  the  disorder,  on  the  other  hand,  are  both  responsible  for  this  light-induced 
structure-related  metastability.  As  a  consequence  of  such  photoinduced  changes,  optical  absorption 
and  many  other  properties  of  these  amorphous  materials  including  refractive  index,  density,  elastic 
constants,  photoconductivity  and  chemical  solubility,  are  altered  drastically. 

Let  us  consider  a  process  for  producing  amorphous  state,  namely  the  athermal  light-induced 
vitrification  of  crystalline  AssoSeso  thin  films.  The  essence  of  this  process  is  as  follows:  Amorphous 
AssoSeso  films  deposited  onto  either  glass  or  silicon  wafer  substrates  can  crystallize  by  thermal 
annealing,  and  subsequent  irradiation  will  cause  the  vitrification  of  the  films.  It  has  been  shown  that 
these  amorphous  films,  when  evaporated  onto  glass  substrates,  crystallized  into  different  structures, 
depending  on  the  annealing  temperature  [2].  On  the  other  hand,  the  photovitrification  phenomenon 
depends  on  the  film  thickness  [2],  which  underlines  the  influence  of  the  interaction  between  the  film 
and  the  substrate.  In  fact,  we  have  analyzed  in  a  previous  work  [3],  the  role  played  by  the  silicon 
substrate  in  this  particular  light-induced  process.  The  photoamorphization,  which  is  also  dependent  on 
the  spectral  irradiance  of  the  light  source  employed  [3],  is  reversible  and  we  will  study  the  results 
corresponding  to  the  first  two  crystallization-amorphization  cycles.  In  the  present  work  we  will  focus 
our  attention  on  the  changes  in  the  structural  and  optical  properties,  which  accompany  the  athermal 
photovitrification  phenomenon  in  AssoSeso  thin  films. 

2.  Experimental  details 

The  bulk  starting  material  was  prepared  by  direct  synthesis  from  5N  purity  elements,  heated 
together  in  an  evacuated  quartz  ampoule  at  a  temperature  of  950  °C,  for  about  24  h.  After  the 
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synthesis,  the  melt  was  air-quenched,  resulting  in  a  bulk  glass  of  the  required  chemical  composition. 
X-ray  diffraction  measurements  (Philips,  model  PW  1710),  using  Cu  Ka  radiation  (1.54  A),  proved 
that  the  ingot  was  amorphous.  The  studied  amorphous  thin  films  were  prepared  by  thermal 
evaporation  of  the  AssoSejo  bulk  glass  onto  room-temperature  glass  substrates,  in  a  vacuum  of  «  10' 
Torr,  using  for  this  purpose  a  conventional  coating  unit  (Edwards,  model  E306A).  During 
evaporation,  the  substrates  were  rotated  (45  rpm)  in  order  to  improve  the  degree  of  film  thickness 
uniformity,  and  the  deposition  rate  was  «  1  nm  s',  this  quantity  having  been  continuously  measured 
by  a  quartz-ciystal  monitor  (Edwards,  model  FTM-5).  Electron  microprobe  analysis  of  the  as- 
deposited  AsjoSeso  thin  films  showed  that  the  film  stoichiometry  is  correct  to  ±  0.5  at.%.  The  samples 
were  annealed  at  150  °C  =  164  "C)  for  periods  of  time  of,  typically,  72  h  in  a  w  10'^  Torr  vacuum. 
Illumination  of  the  glass  films  was  carried  out  using  a  500  W  high-pressure  mercuiy  lamp  (Oriel, 
model  6285),  through  an  IR-cut  filter,  providing  broadband  white  light  (with  a  very  high  UV  output), 
using  a  light  intensity  of*  50  mW  cm'^.  X-ray  diffraction  analysis  was  also  used  in  order  to  examine 
the  glassy  or  crystalline  nature  of  the  films. 

The  optical  transmission  spectra  used  in  this  study  were  obtained  over  the  3004-2000  nm 
spectral  region  by  a  double-beam  UVA^is/NIR  spectrophotometer  (Perkin-Elmer,  model  Lambda- 19). 
The  spectrophotometer  was  set  with  a  slit  width  of  1  nm.  It  was  therefore  unnecessary  to  make  slit 
width  corrections,  since  that  value  of  the  slit  width  was  much  smaller  than  the  different  linewidths. 
The  area  of  illumination,  over  which  a  single  optical  transmission  spectrum  was  obtained,  was 
approximately  1  mm  x  10  mm.  A  surface-profiling  stylus  (Sloan,  model  Dektak  3030)  was  used  to 
determine  the  thickness  of  the  films,  for  the  sake  of  comparison  with  the  results  derived  from  the 
optical  transmission  spectra.  Typical  thicknesses  of  the  as-deposited  films  studied  were  around  1  pm, 
and,  thus,  according  to  Kolobov  and  Elliott  [2],  our  samples  can  be  considered  as  medium-thickness 
(14-2  pm)  films. 


Table  1.  Values  of  the  average  thickness,  d  ,  thickness  variation.  Ad,  dispersion 
parameters,  Eo  and  (single-oscillator  analysis),  and  optical  bandgap,  Ej^  (Tauc  s 
extrapolation),  for  the  AssoScjo  chalcogenide  thin  films  under  study. 


State 

d  (nm) 

(nm) 

£o(eV) 

£d(eV) 

(eV) 

As-evaporated 

1 1 19  ±  10(0.9%) 

18  ±  1 

4.07  ±  0.02 

24.08  ±0.1 

1.87  ±0.01 

First  annealing 

1066  ±  11  (1.1  %) 

28  +  1 

3.92  ±0.03 

25.86  ±0.2 

1.81  ±0.01 

First  illumination 

1109  ±19  (1.7%) 

34  ±2 

3.64  ±0.03 

19.56  ±0.2 

1.78  ±0.01 

Second  annealing 

930  ±  35  (3.8  %) 

— 

3.83  ±0.04 

24,68  ±  0.2 

1,81  ±0.02 

Second  illumination 

1030  ±39  (3.8%) 

— 

3.68  ±0.04 

20.59  ±  0.3 

1.73  ±0.02 

3.  Results  and  discussion 

The  athcrmal  photovitrification  phenomenon  in  AsjoSeso  films,  has  been  studied  from  the 
optical  point  of  view  by  means  of  two  different  methods,  enabling  the  determination  of  the  average 
thickness  and  the  refractive  index  of  the  as-deposited,  annealed  and  exposed  AssoScso  non-uniform 
films  (see  Table  1).  The  first  one,  which  is  based  on  creating  the  upper  and  lower  envelope  curves  of 
the  optical  transmission  spectrum,  at  normal  incidence,  assumes  the  film  thickness,  d,  to  vary  linearly 
over  the  illuminated  area,  i.e.,  d  =  d  +  x\Ad,  where  — 1  <  ri  ^  1.  Ad  refers  to  the  variation  in  thickness 
from  the  average  thickness  d  ,  shown  in  Fig.  1.  The  applicability  of  this  method  is  limited  by  the 
condition,  d  <  Ad  <  XIAn.  Details  about  this  first  optical  characterization  procedure  can  be  found  in 
[4-6]. 
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Due  to  the  larger  degree  of  morphological  alteration  shown  by  the  AssoSeso  thin  films 
submitted  to  a  second  annealing-illumination  cycle,  the  above-mentioned  condition  is  no  longer 
satisfied.  Therefore,  a  second  optical  characterization  method,  based  only  on  wavelengths 
measurements,  was  used  to  determine  the  average  thickness  and  the  refractive  index  of  the  samples. 
Such  a  procedure  takes  into  consideration  the  shift  of  the  transmission  spectrum  at  oblique  (30°) 
incidence  towards  shorter  wavelengths,  with  respect  to  the  transmission  spectrum  taken  at  normal 
incidence.  For  details  of  this  second  characterization  procedure  see  our  previous  works  [7,8]. 

Fig.  1  shows  the  optical  transmission  spectra  at  normal  incidence,  in  the  short-wavelength 
region,  for  the  as-deposited,  crystallized  and  photoamorphized  AssoSeso  thin  films,  corresponding  to 
the  first  annealing-illumination  cycle.  An  irreversible  shift  of  the  optical  transmission  spectrum 
towards  longer  wavelengths  is  observed  in  the  interference-free  region  of  this  transmission  spectrum 
when  the  as-evaporated  film  is  annealed  (i.e.,  thermal  darkening).  Subsequent  illumination  of  the  film 
induces  again  a  shift  of  the  optical  transmission  spectrum  towards  longer  wavelengths  (i.e., 
photodarkening),  but  it  is  reversible,  in  the  sense  that  post-illumination  annealing  returns  partly  the 
interference-free  region  to  its  initial  annealed  state. 


Fig.  1.  Typical  optical  transmission  spectra,  in  the  short-wavelength  region,  for  the  as- 
evaporated,  annealed  (crystallized)  and  illuminated  (photovitrified)  AsjoSeso  thin  layers. 

The  envelopes  corresponding  to  the  as-evaporated  layer  are  also  drawn  as  a 
representative  example.  Additionally,  a  diagram  representing  a  weakly-absorbing  thin 
layer,  with  a  linear  variation  in  thickness  on  a  thick  transparent  substrate,  is  also 

displayed. 

It  has  been  found  that  the  refractive  index  increases  with  annealing  and  decreases  upon 
illumination,  under  the  initial  value  (see  Fig.  2).  The  spectral  dependence  of  the  refractive  index  has 
been  fitted  to  the  Wemple-DiDomenico  single-oscillator  model  [10]: 


E  E 

e,  (to)  =  nihaf  =  1  +  °  . 


(1) 
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where  Eo  is  the  single-oscillator  energy  (typically  near  the  main  peak  of  the  E:2(?lco)-spectrum)  and 
is  the  dispersion  energy.  By  plotting  {r?  -  1)"^  against  (feco)^  and  fitting  a  straight  line,  as  shown  in  the 


Fig.  2.  Refractive  index  versus  wavelength.  Also,  it  is  shown  in  the  inset,  a  plot  of  the 
refractive-index  factor  {n^  -  O'"*  versus  (^co)^,  for  the  as  -  evaporated,  crystallized  and 

photoamorphized  layers. 


inset  of  Fig.  2,  E^  and  E^  are  determined  directly  from  the  slope,  and  the  intercept,  EJE^,  on 

the  vertical  axis.  The  values  of  the  dispersion  parameters  for  the  as-evaporated,  crystallized  and 
photovitrified  films  are  listed  in  Table  1  (two  annealing-illumination  cycles).  The  trend  of  Eq  is  such 
that  it  is  verified  that  E^  «  2x  E^^ ,  E"^^  being  the  so-called  Tauc  gap,  which  is  a  widely  accepted 

measure  of  the  bandgap  and  will  be  formally  introduced  below,  whereas  E^  obeys  the  following 
empirical  relationship  [10,1 1]: 


£d  =  pA/c4^e  (eV)  (2) 

where  is  the  coordination  number  of  the  cation  nearest-neighbour  to  the  anion,  Za  is  the  formal 
chemical  valency  of  the  anion,  A(j  is  the  effective  number  of  valence  electrons  per  anion  and 
P  =  0.37  ±  0.04  eV,  for  covalent  crystalline  and  amorphous  materials. 

In  addition,  the  following  relationship  was  proposed  by  Wemple  [1 1]: 

El! El  (3) 

where  p  represents  the  mass  density  (the  film  thickness  could  be  used  instead,  because  changes  in  the 
mass  of  the  films  were  not  measured),  and  ‘a’  and  refer  to  the  amorphous  and  crystalline  forms, 
respectively.  The  thermal  densification  process,  as  well  as  the  photoinduced  volume  expansion,  which 
have  been  observed,  respectively,  upon  annealing  of  the  as-deposited  AssoSeso  film,  and  illumination 
of  the  crystallized  film  (see  the  thicknesses  listed  in  Table  1),  have  to  be  considered  to  explain  the 
variation  of  the  oscillator  strength.  Although  this  analysis  is  also  qualitatively  valid  for  the  second 
annealing-illumination  cycle,  we  will  point  our  discussion  to  the  first  annealing-illumination  cycle. 
An  increase  of «  7  %  is  observed  in  the  i'a- value  as  a  consequence  of  the  annealing  process.  By  means 
of  Eq.  (3),  we  find  that  the  difference  between  A^^’s,  before  and  after  annealing,  is  less  than  2  %; 
therefore,  the  small  change  in  Ac  indicates  a  rather  insignificant  change  in  the  average  coordination 
number  in  the  short-range  region.  Moreover,  E^  calculated  from  Eq.  (2)  (considering  Ac  =  3,  Zg  =  2,  Ag 
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=  (50  X  5  +  50  X  6)/50  =  II  [11])  was  found  to  be  24.42  ±  2.6  eV;  that  is,  allowing  the  corresponding 
scatter  in  p,  is  certainly  close  to  the  experimental  values  of  the  as-deposited  and  annealed  films. 
Going  one  step  further,  the  comparison  of  the  £'d-values  corresponding  to  the  annealed  and 
illuminated  films  shows  a  large  decrease  of  »  24  %,  accompanied  by  a  decrease  of  the  mass  density  of 
w  4  %.  The  extra  20  %  reduction  in  the  £d-value,  as  a  consequence  of  the  photovitrification  of  the 
crystallized  film,  could  be  due  to  a  decrease  in  the  effective  As  coordination  number. 

On  the  other  hand,  following  Swanepoel’s  ideas  [4,12],  in  the  strong-absorption  region,  the 
values  of  the  optical  absorption  coefficient,  a,  have  been  directly  derived  from  the  transmittance 
measurements,  using  Eq.  (22)  from  [12].  Fig.  3  shows  the  optical  absorption  spectra,  a(fiffl),  for  the 
as-deposited,  crystallized  and  photoamorphized  AssoSeso  films.  It  can  be  seen  a  shift  of  the  absorption 
edge  to  lower  photon  energies  as  a  consequence  of  the  annealing,  as  well  as  the  illumination 
treatment.  According  to  Tauc  [13],  the  spectral  dependence  of  the  absorption  coefficient  in  the  strong- 
absorption  region  (ax  10'*  cm"'),  is  given  by  the  following  quadratic  equation: 


a(/jco)  =  B 


ho) 


(4) 


where  B  is  an  energy-independent  constant.  Formally,  the  Tauc  gap,  E°^ ,  is  obtained  as  the  intercept 

of  the  plot  of  (afixo)''^  against  ho.  This  graph  is  shown  in  the  inset  of  Fig.  3  for  the  as-evaporated, 
annealed  and  illuminated  As5oSe5o  films.  The  values  of  E°^\  thus  determined,  lead  us  to  the 

conclusion  that  a  clear  reversible  photodarkening  process  accompanies  the  present  photoinduced 
phenomenon. 


PHOTON  ENERGY,  eV 


Fig.  3.  Optical  absorption  spectra  for  the  as-deposited,  annealed  and  exposed 
AssoSeso  films.  In  the  inset,  the  determination  of  the  optical  bandgap  based  on  the 

Tauc  law. 


The  relative  changes  in  the  average  thickness  and  in  the  Tauc  gap,  after  two  annealing- 
illumination  cycles,  are  displayed  in  Fig.  4.  These  results  clearly  indicate  that,  illumination  always 
expands  the  films  and  decreases  E°'^\  while  annealing,  before  or  after  illumination,  is  found  to 

contract  the  AssoSeso  films.  However,  although  annealing  after  illumination  increases  the  bandgap, 
when  the  thermal  treatment  is  carried  out  upon  the  as-evaporated  films,  the  bandgap  decreases, 
instead.  These  results  suggest  a  certain  correlation  between  these  two  types  of  changes. 
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We  have  observed  ‘giant’  changes  in  d  and  .  Increases  in  the  average  thickness  of  up  to 
»  4  %,  in  the  case  of  the  illumination  after  the  first  annealing,  and  of  up  to  »  1 1  %,  in  the  case  of  the 
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Fig.  4.  Variation  in  relative  changes  in  the  average  thickness  d  (solid  line),  and 
Tauc  gap  E°^  (dashed  line),  of  the  As5oSe5o  thin  layers.  Measurement  conditions 

are  represented  by:  A,  as-evaporated;  B,  first  annealing;  C,  first  illumination;  D, 
second  annealing;  E,  second  illumination. 


illumination  after  the  second  annealing,  have  been  found.  In  which  the  bandgap  is  concerned,  a 
decrease  larger  tlian  4  %  has  been  obtained  with  the  illumination  after  the  second  aimealing.  Other 
authors  [14-18]  have  also  observed  large  changes  in  the  thickness  and  the  optical  bandgap  of  As- 
based  and  Ge-based  obliquely-deposited  chalcogenide  thin  films.  Furthermore,  it  was  found  in  [18] 
that  post-illumination  annealing  causes  the  changes  to  revert  to  nearly  the  initial  conditions.  However, 
the  morphological  changes  undergone  by  our  wedge-shaped  AssoSeso  chalcogenide  films,  because  the 
successive  thermal  and  optical  treatments,  make  somehow  the  results  obtained  by  means  of  the  two 
different  optical  characterization  methods,  to  be  only  comparable  up  to  a  certain  degree. 

It  is  believed  that  a  change  in  the  interaction  of  chalcogen  lone-pair  electrons  is  responsible 
for  the  photodarkening  phenomenon.  The  increase  in  lone-pair— lone-pair  interactions  causes  a 
broadening  of  the  valence  band,  giving  rise  to  a  reduction  in  the  optical  bandgap.  Various  models 
have  been  proposed  to  explain  this  mechanism  [19-21].  In  particular,  the  expansion  and  slip  motion 
model  was  proposed  by  Shimikawa  et  al.  [19]  to  explain  the  photoinduced  changes  in  volume 
observed  in  normally-deposited  films.  Recently,  Kuzukawa  et  al.  [17]  have  justified  the  ‘giant’ 
changes  observed  in  the  thickness  and  the  bandgap  of  As2Se3  and  AS2S3  thin  films,  as  a  consequence 
of  illumination,  on  the  basis  of  the  same  model.  The  essence  of  this  model  is  schematically  illustrated 
in  Fig.  5  and  it  can  be  summarized  as  follows:  It  is  assumed  that  amorphous  chalcogenides  contain 
disordered  structural  layers  as  a  constituent  element  of  their  structure,  and  considered  that  during 
illumination  there  is  an  accumulation  of  electrons  in  these  layered  clusters,  which  causes  Coulomb 
repulsion  between  them  and  therefore  it  gives  rise  to  volume  expansion.  Unlike  these  electrons,  which 
reside  in  the  conduction-band  tails,  photocreated  holes  diffuse  away  to  a  non-illuminated  area  through 
the  valence  band  or  their  tail  states.  Since  it  has  been  shown  that  the  rate  of  volume  expansion  is 
greater  than  photodarkening  [22],  it  is  expected  that  photodarkening  is  not  induced  at  this  stage. 
Instead,  it  is  believed  that  in  conjunction  with  the  occurrence  of  the  interaction  between  adjacent 
clusters,  a  slip  motion  along  the  structural  layer  is  generated,  which  causes  an  increase  in  the  energy 
of  the  highest  occupied  states  in  the  valence  band,  due  to  an  increase  in  the  lone-pair-lone-pair 
interactions.  Thus,  although  the  conduction  band  remains  practically  unchanged,  the  valence  band 
gets  wider  [23]. 
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On  the  other  hand,  since  thermally-evaporated  arsenic-rich  amorphous  films,  such  as 
AsjoSeso,  can  be  regarded  as  a  mixture  of  As2Se3  and  As4Se4  molecules,  whose  structure  can  be 
represented  as  As4Se4  molecules  dissolved  in  a  matrix  formed  by  AsSej  pyramids,  it  could  be 
suggested  that  two  mechanisms  could  coexist.  One  of  them  would  involve  the  ‘pyramidal’  network 
(repulsion  and  slip  motion  of  the  structural  layers),  whereas  the  other  would  deal  with  As4Se4 


Fig.  5.  Schematic  illustration  of  the  layered  clusters  in  amorphous  chalcogenides. 
The  expansion  and  slip  motions  are  indicated  by  arrows  E  and  S,  respectively. 


molecules.  These  molecules  have  a  cage-like  structure,  in  which  a  square  of  Se  atoms  bisects  a 
distorted  tetrahedron  of  As  atoms.  The  average  As-As  bond  length  in  As4Se4  is  2.57  A,  and  the  As- 
As-Se  bond  angle  subtended  at  either  one  of  the  As  atoms  comprising  the  As-As  bonds,  is  101.2°.  If 
one  compare  those  values  with  the  corresponding  bond  distance  and  bond  angle  in  a-As,  2.49  A  and 
98°,  respectively,  it  is  found  that  they  are  larger  in  the  case  of  the  As4Se4  molecule.  The 
intermolecular  distances,  less  than  3.70  A,  are  shorter  than  the  predicted  van  der  Waals  distance  of  4.0 
A,  which  could  be  associated  with  relatively  strong  intermolecular  interactions.  As-As  bonds  play  an 
important,  although  not  predominant,  role  in  reversible  photodarkening  in  well-annealed  As-rich  thin- 
film  samples  [24].  An  increase  in  the  As-As  bond  concentration,  as  a  consequence  of  illumination, 
leads  to  a  decrease  of  the  bandgap,  owing  to  formation  of  electronic  states  associated  with  such  bonds 
at  the  top  of  the  valence  band.  Similarly,  the  subsequent  annealing  of  the  sample  will  lead  to  a 
decrease  in  the  As-As  bond  concentration.  Therefore,  the  bandgap  will  increase  because  breaking  of 
As-As  bonds  will  replace  the  electronic  states  in  the  gap,  associated  with  these  homopolar  bonds,  by 
non-bonding  As  states  located  near  the  conduction  band  edge. 

4.  Conclusions 

We  have  studied  the  changes  in  the  structural  and  optical  properties,  which  take  place  in 
AssoSeso  amorphous  thin  films,  as  a  consequence  of  two  successive  annealing-illumination  cycles.  It 
was  found  that  on  annealing  the  film  thickness  decreases  (i.e.,  thermal  contraction),  and  the  bandgap 
also  decreases  (i.e,  thermal  darkening).  On  subsequent  illumination  of  the  crystallized  films,  the 
thickness  is  found  to  increase  (i.e.,  volume  expansion),  while  the  bandgap  decreases  (i.e., 
photodarkening).  Post-illumination  annealing  decreases  notably  the  thickness  and,  at  the  same  time, 
increases  the  bandgap.  Finally,  the  second  illumination  treatment  gives  rise  to  an  increase  of  the  film 
thickness  accompanied,  as  before,  by  a  decrease  in  the  optical  bandgap.  We  have  observed  ‘giant’ 
changes  in  both  thickness  and  bandgap  with  illumination,  especially  after  the  second  illumination 
treatment.  It  has  also  been  found  that  the  conditions  of  the  samples  after  both  annealing-illumination 
cycles,  are  not  close  to  the  initial  conditions,  although  the  morphological  changes  undergone  by  the 
wedge-shaped  AssoSeso  films,  prevented  us  from  obtaining  results  which  could  be  easily  compared. 

It  is  suggested  that  in  order  to  be  able  to  explain  all  these  changes,  it  is  necessary  to  consider 
two  different  mechanisms.  The  first  one  would  involve  the  expansion  and  slip  motion  of  the  structural 
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layers  comprising  the  ‘pyramidal’  network,  and  the  second  one  operative  with  the  As4Se4  molecules, 
typical  of  thermally-evaporated  As-rich  chalcogenides  films,  and  forming  particularly  the  crystalline 
form  of  medium-thickness  (l-:-2  pm)  AssoSeso  films. 
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The  influence  of  time  exposure,  when  exposed  to  above  band  gap  light  (3,52  eV)  and 
annealing,  on  GaioGcjsSes  glasses  has  been  studied  throu^  their  effects  on  the  structure  and 
optical  properties.  To  evaluate  the  photostructural  change  infrared  and  Raman  spectra  for  bulk 
GaioGe25S65  glasses  have  been  measured  before  and  after  exposure.  The  Raman  spectra  are 
interpreted  in  terms  of  models  in  which  the  Ge  atoms  are  fourfold  coordinated  and  the  S  atoms 
are  two  fold  coordinated.  The  observed  changes  in  the  spectral  region  of  (S-S)  stretching 
vibration  (470-490  cm  '')  is  a  direct  evidence  for  the  occurrence  of  important  structural 
changes  in  local  bonding  configuration  caused  by  optical  irradiation.  It  is  shown  that  the 
dominant  photostnicural  changes  are  chain  formation  tendency  of  the  chalcogenide  atoms 
under  the  laser  irradiation  rather  than  rings. 

(Received  June  5,  2001;  accepted  June  1 1 , 2001) 
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1.  Introduction 

Photoinduced  changes  of  amorphous  chalcogenide  glasses  have  been  the  subject  of  extensive 
study  from  the  point  of  view  of  both  technological  applications  and  also  understanding  of  the  nature 
of  the  phenomena  [1-3].  These  glasses,  when  illuminated  by  band-gap  light,  usually  exhibit  a  blue  or  a 
red  shift  of  the  optical  gap,  namely  photobleaching  or  photodarkening,  respectively.  Furthermore, 
such  photoinduced  changes  can  be  in  general  irreversible,  i.e.,  the  changes  are  permanent  after 
irradiation,  or  reversible  in  which  case  the  changes  can  be  removed  by  annealing  to  the  glass 
transition  temperature,  Tg. 

A  number  of  different  phenomenological  models  have  been  suggested  to  explain  these 
experimental  results  as  part  of  efforts  to  determine  and  understand  the  structures  of  chalcogenide  glass 
networks  [4-6].  In  stoichiometric  AS2S3  glasses  for  example,  where  one  expects  just  As-S  bonds  [7],  it 
was  concluded  from  Raman  scattering  studies  that  a  number  of  the  so-called  “wrong”  As-As  bonds 
was  created  with  light  exposure.  In  our  previous  investigation  of  photoinduced  changes  in  GaGeS 
glass  [8]  we  have  reported  a  UV  induced  photobleaching  effect  associated  with  a  positive  volume 
change  (photoexpansion).  Nevertheless,  many  photoinduced  effects  are  still  not  understood  and  new 
photoinduced  phenomena,  such  as  photoinduced  anisotropy,  gyrotropy,  etc.  have  emerged  [9-12]. 
Behind  all  this  effort  is  the  need  to  describe  and  understand  the  physical  and  chemical  properties  of 
amorphous  chalcogenides  and  their  interaction  with  light. 

As  a  part  of  the  efforts  to  understand  the  structure  of  chalcogenide  glasses  network  as  well  the 

structural  change  which  can  occur  after  illumination,  Raman  scattering  continues  to  provide  useful 
insights  into  the  local  structures  of  the  vitreous  state.  The  Raman  spectra  of  GeS  glasses  have  been 
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discussed  in  terms  of  structural  model  in  which  the  element  of  local  order  is  a  tetrahedral  arrangement 
of  S  atoms  about  a  central  Ge  atom,  i.e.,  a  GeS4  tetrahedron.  We  used  Raman  scattering  to  determine 
as  far  as  possible  the  structural  change  which  can  occur  in  this  glass  after  illumination.  e  lave 
observed  diffusion  of  S  atoms  towards  the  illuminated  area  [8]  and  in  this  work  we  present  more 
results  on  the  characterization  of  the  species  so  tormed. 


2.  Experimental 

Polycrystalline  germanium,  gallium  and  sulfur  were  weighted,  mixed  together  and  transferred 
to  a  silica  ampoule.  After  vacuum  sealing,  a  heat  process  with  a  heating  rate  0.33  K/min  up  to  950  C 
was  started.  At  950“  C  the  liquid  was  homogenized  for  6  hours  through  a  continuous  horizontal 
rotation.  Then  the  ampoule  was  withdrawn  from  the  furnace  and  air-cooled.  Annealing  at  400  C  or 

several  hours  followed.  u*  f 

These  samples  were  illuminated  at  different  exposure  times  (1  to  6  hours)  with  light  from  a 

cw  Kr"  ion  laser  (3  5 1  nm).  The  output  power  density  of  the  laser  was  5  W/cml 

The  optical  absorption  edge  was  determined  using  a  spectrophotometer  (Cary  5).  for  t  ns 
experiment,  samples  of  1  mm  in  thickness  were  measured  in  transmission  in  the  wavelength  range 

from  200  to  700  nm.  r  i  + 

The  morphology  and  composition  were  measured  before  and  after  exposure  to  .  ■  'SJ  • 

Exposed  and  non-exposed  surface  areas  were  analyzed  using  a  scanning  electron  microscope  (SEM) 
(Zeiss  960)  to  which  an  Energy  Dispersive  X-Ray  (EDX)  analyzer  (QX2000)  is  coupled 
Compositional  contrast  of  the  exposed  and  non-exposed  areas  was  determined  by  backscattered 

electrons  (BSE).  ,  i  i  .4^  • 

The  Raman  scattering  measurements  were  preformed  with  the  normal  back  ^seattenng 

configuration  in  the  wavenumber  region  from  200  to  SOO  cm  '.  The  488  nm  line  of  an  Ar  ton  laser 
was  used  as  a  light  source. 


3,  Results 

Fig  1  shows  a  plot  of  absorption  coefficient  (a)  against  photon  energy  (hv)  which  illustrate 
the  shift  of  the  edges  for  Ge.^Ga.oS.^  exposed  at  to  the  UV  light  for  different  times.  The  optical 
absorption  measurements  reveal  that  the  absorption  edge  of  the  glass  sample  shifted  to  shorter 
wavelengths  after  irradiation  indicating  a  photobleaching  effect.  Nevertheless  there  is  a  significant 
difference  between  the  shift  of  the  edge  for  samples  exposed  and  annealed  at  glass  transition 
temperature  (T,).  A  photodarkening  effect  is  observed  in  the  last  case.  Unlike  'Y® 

observed  that  the  annealing  leads  to  darkening.  We  observed  that  E,  increases  from  E£^2.63  eV  for 
non-exposed  glass,  to  =2.64  eV  for  exposure  during  10  hours  and  Eg  decreases  to  Eg-  .  e  or 

annealing  at  Tg 
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Fig.  1.  Optical  absorption  spectra  for  Ga]oGe25S65  exposed  at  different  time:  (■)  non-exposed, 

(•)  exposed  5  hours,  (A)  exposed  10  hours,  (□)  exposed  5  hours  and  annealing  at  Tg,  (O) 
exposed  10  hours  and  annealing  at  Tg.  Lines  are  drawn  as  guides  for  the  eyes. 

Fig.  2  shows  morphological  analyses  of  the  exposed  area  by  backscattering  electrons  (BSE). 
Local  analysis  of  the  glass  surface  area  by  backscattering  electrons  (BSE)  images  distinguishes  two 
regions:  a  brighter  area  (non-exposed  to  UV  light)  and  a  darker  area  corresponding  to  the  S-rich 
element  (photoexpanded  and  photobleached). 


Fig.  2.  Back  scattering  electron  (BSE)  of  the  irradiated  surface  area  of  the  GaioGe25S65,  reveals 
a  change  in  the  glass  composition,  the  brighter  region  representing  non-exposed  and  the  darker 
region  is  the  photoexpanded  and  photobleached  area. 
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As  the  image  of  (BSE)  is  built  in  contrast  caused  by  element  difference,  the  higher  the  atomic 
number  the  more  likely  it  is  that  backscattering  will  occur.  Thus,  as  the  electron  beam  passes  to 
regitm  of  larger  Z  (atomic  number),  the  signal  due  to  backscattering,  and  consequently  the  'mage 
brtahtncss  iuLases.  The  gray  levels,  observed  in  Fig.  2,  can  be  interpreted  as  regions  of  different 

composition  with  decreasing  average  atomic  number 

Irradiated  samples  (exposure  time  2  hours,  power  density  5  W/cm  )  with  800  nm  on  thickn 
of  the  expanded  area,  have  been  treated  at  different  temperature  from  room  temperature  to  the  glass 
c^Llliz^tion  temperature  (T,=470  “C).  Fig.  3  shows  a  set  of  photographs  of  the  samples  at  different 

temperatures. 

non-exposed  exposed 


Fie  3  Photographs  of  a  evolution  of  the  glass  surface  exposed  at  5  W/cm  during  2  hours 
(righi side)  and  non -exposed (left side) heat  treated  at  different  temperatures:  (a)  room 
temperature,  (b)  420  “C,  (c)  450  "C  and  (d)  470  C. 
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When  temperature  reaches  420°C  cracking  of  the  glass  surface  is  observed.  Initial 
crystallization  at  the  glass  surface  is  noted  at  temperature  around  450  “C  and  completed  at  470  “C. 

Fig.  4  presents  Raman  spectra  performed  in  the  spectrum  200-800  cm"'  range  for  the  glass 
GaioGe25S65  (a-GaGeS).  Four  bands  at  273,  340,  430  and  475  cm’'  are  observed.  The  Raman  spectra 
obtained  for  crystalline  sulfur  (c-S)  and  GeS2  {c-GeS2)  are  also  shown  for  comparison.  Good 
agreement  with  spectra  of  GeS2  crystal  reported  earlier  by  other  research  groups  [13,14]. 


Raman  Shift  (cm"^) 


Fig.  4.  Raman  scattering  spectra  for  Ga  100625865,  c-GeS2  and  c-S  taken  with  a  633  nm 
excitation  energy  at  room  temperature. 


The  first  band  at  273  cm"'  may  be  assigned  to  sulfur  rings.  The  strong  band  at  340  cm"'  is  due 
to  a  heteropolar  bond,  in  this  alloy  system  a  Ge-S  vibration  assigned  to  bond-bending  modes  and  the 
Ai-type  bond-stretching  mode  of  GeS^n  tetrahedra  [13,14,15].  The  band  at  430  cm’’  is  currently 
regarded  following  two  ideas:  one  is  to  assign  the  band  to  vibrational  modes  of  edge-sharing  bi- 
tetrahedra,  Ge2S2+4/2.  This  structure  is  known  to  exist  in  c-GeS2,  and  its  existence  has  also  been 
demonstrated  in  a  glassy  phase  [13] .  On  the  other  hand,  some  researchers  have  assigned  the  430  cm"' 
band  to  the  S-S  stretching  mode,  coming  from  cluster  edges  dimmers  [16].  The  band  at  475  cm’'  is 
assigned  to  Sg  molecules  [17]. 

Raman  spectra  of  the  samples  irradiated  for  different  times  are  presented  in  Fig.  5. 
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Fig.  5.  Raman  scattering  spectra  for  GaioGe25S65  illuminates  at  5  W/cm  for  different  time 
exposure  at  room  temperature,  (a)  non-exposed,  (b)  1  hours,  (c)  2  hours,  (d)  4  hours  and  (e) 

6  hours. 


Finally  the  irreversible  photobleaching  of  amorphous  GaGeS  glasses  can  be  associated  with  a 
(i)  an  increase  of  the  density  of  heteropolar  bonds  and  (ii)  increase  of  sulfur  into  the  illuminated  area 
of  the  Ge-S  matrix  surface. 


5.  Discussion 

A  large  photobleaching  effect  is  observed  on  samples  exposed  at  different  time  using  lower 
power  density  (1=5  W/cm^).  From  Fig.  1,  we  may  note  the  increase  of  the  photobeaching  with 
increase  of  time  exposure  and  this  process  is  irreversible,  in  the  sense  that  annealing  does  not  restore 
the  original  Eg  to  the  initial  value  for  non-exposed  glass.  It  is  known  [18]  that  the  absorption  edge  of 
an  amorphous  semiconductors  shifts  to  lower  energy  if  it  contains  mores  defects.  We  think  that  the 
annealing  at  Tg  could  induce  some  defects  through  the  weakens  bond. 

The  present  photobleaching  effect  differs  from  the  one  observed  for  AS2S3  [19].  The  Fig.  2 
indicate  a  diffusion  of  sulphur  atom  into  irradiated  area.  Consequently,  we  may  assume  that  this 
diffusion  will  result  in  the  creation  of  new  S-S  bonds  in  the  irradiated  area.  Such  polimerization  may 
explains  the  effect  of  photobleaching  which  acompanies  a  glass  network  expasion  in  GaGeS  glass. 

With  regards  to  the  Raman  spectra  of  the  samples  irradiated  for  different  times  (Fig.  5)  an 
increase  in  intensity  is  observed  for  the  whole  spectrum.  Moreover  a  blue  shift  is  observed  as  the 
exposure  time  increases  from  1  to  6  hours  indicating  that  through  the  absorption  of  high  energy 
photons  intramolecular  covalents  bonds  are  broken.  The  most  obvious  difference  compared  with  non- 
exposed  glasse  is  the  dramatic  shift  of  the  band  at  475  to  490  cm  ’.  It  is  known  that  in  S-rich 
composition  there  are  additional  absorption  lines  at  475  and  273  cm  correlated  these  with  two  of  the 
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three  dominant  absorption  bands  of  Ss  molecules.  According  to  the  structural  model  of  binary  Ge-S 
glasses  proposed  by  Lucovsky  et  al  [17]  glasses  with  S  contents  in  excess  of  stoiciometry  contain 
increasing  number  of  S-S  bond  and  ultimatly,  at  the  largest  level  of  Sg  rings.  As  a  first  assumption  the 
photoexpansion  of  these  glasses  results  from  a  microstructural  transformation  with  the  formation  of 
new  sulfide  chains  which  may  be  confirmed  by  the  shift  bound  from  470  to  490  cm"’.  G.J.  Janz  et  al. 
have  assigned  the  shift  to  higher  frequency  (from  400  to  490  cm"')  to  a  diminution  in  the  size  of 
polysulfides  anions  from  Se  to  S3  [20].  At  this  stage,  the  dissociation  of  a  Sg  ring  molecule  into 
smaller  chains  can  be  proposed  from  the  spectroscopic  observation.  Messaddeq  et  al.  [8]  observed 
that  following  the  absorption  of  light,  the  sulfur  atoms  difuses  to  the  irradiated  area  from  the  non 
irradiated  surrounding.  This  motion  will  result  in  the  creation  of  new  S-S  bonds  in  the  irradiated  area. 
The  same  behaviour  has  been  observed  in  cryobaric  Raman  scattering  experiment  on  g-GeS2  [21]. 
The  appearence  of  486  and  250  cm"’  modes  are  signature  of  S-rich  (Sg  or  S"  chains)  and  Ge-  rich  (GeS 
microphase).  These  results  provide  additional  support  for  our  identification  of  broken  bonds  after 
ilumination. 

As  we  have  observed  from  Fig.  1,  the  annealing  leads  to  a  darkening  and  cracking  of  the  glass 
surface  (Fig.  3).  The  tendency  toward  formation  of  crack  verified  for  samples  heat  treat  could  result 
from  the  higher  intensity  of  the  internal  stresses  associated  with  photoexpansion.  Due  the  stiffness  of 
the  glass  surface,  the  shrinkage  must  occur  only  in  the  perpendicular  direction  of  the  surface  and  the 
photoexpanded  area  is  constrained  by  the  bulk  glass.  As  a  consequence,  the  average  stress  at 
photoexpanded  area-bulk  glass  interface  is  proportional  to  the  thickness  of  the  expansion  [22],i.e.,  the 
tendency  to  cracking  increases  with  the  thickness  of  the  expanded  area. 


6.  Conclusions 

The  pronounced  changes  observed  in  the  Raman  spectra  obtained  for  UV  illuminated 
GaioGe25S65  glasses  are  related  to  structural  changes  in  the  local  bonding  configuration.  The 
GaioGe25S65  glass  is  essentially  a  solid  solution  consisting  of  a  network  of  very  short  S  chains  cross 
linked  by  four-coordinated  Ge  atoms,  and  a  monomer  component  of  Sg  ring  molecule.  It  has  been 
shown  that  under  laser  irradiation,  the  bonding  tendency  of  the  chalcogenide  atoms  is  to  forms  chains 
rather  than  rings.  In  addition  it  was  demonstrated  that  in  these  glasses  the  photoexpansion  and 
photobleaching  are  irreversible  after  heat  treatment. 
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Pure  and  tin-doped  AsSe  amorphous  films  were  investigated.  The  changes  in  the  MRO 
induced  by  Sn  were  analysed  be  accurate  profiling  the  first  sharp  diffraction  peak  (FSDP)  in 
the  X-ray  diffraction  diagram.  A  shift  of  FSDP  as  a  function  of  tin  concentration  was 
observed.  The  structural  changes  induced  by  ultraviolet  rays  (A,  =  336  nm)  for  various  time 
intervals  of  irradiation  were  revealed  by  small  angle  X-ray  diffraction.  It  was  revealed  the 
formation  of  a  special  layer  at  the  surface  of  the  films,  whose  thickness  increases  during  UV 
irradiation. 
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1.  Introduction 

Amorphous  chalcogenide  materials  based  on  As-S  and  As-Se  show  significant  changes  when 
illuminated  with  band-gap  light  [1], 

The  high-energy  quanta  situated  in  the  UV  spectral  range  are  expected  to  induce  qualitatively 
new  changes  in  the  chalcogenide  glasses  because  the  quantum  energy  is  equal  or  exceeds  the  chemical 
bond  energy  [2].  Berkes  et  al.  [3]  and  Tagantsev  and  Nemilov  [4]  have  observed  modifications 
induced  by  UV  radiation  in  amorphous  chalcogenide  films.  A  significant  decrease  of  viscosity  and  a 
flowing  effect  have  been  revealed.  As  a  consequence  of  irradiation  a  smooth  topography  of  fresh 
films  was  obtained. 

In  other  chalcogenides,  as  e.g.  in  antimony  chalcogenide  films,  UV  radiation  induces  a  shift 
of  the  optical  absorption  edge  and  significant  changes  in  the  dissolution  kinetics  of  the  material  and 
this  effect  suggested  the  use  of  the  films  as  optical  memory  media  and  as  photoresist.  Lorinczi  [5] 
observed  that  Ge-Sb-Se  films  are  sensitive  for  the  UV  radiation,  and  exhibit  mechanical,  optical  and 
structural  changes. 

Tin-doped  AsSe  and  As2Se3  films  are  important  because  the  metal  stabilizes  the  parameters  of 
the  recording  media  through  the  formation  of  a  more  rigid  network  [6].  This  opens  the  way  for 
applications  in  optoelectronics.  In  this  paper  is  investigated  the  effect  of  UV  radiation  on  amorphous 
AsSe  and  AsSe:Snx  films. 

2.  E^xperimental 

The  starting  materials  for  thin  film  deposition  were  prepared  by  a  standard  melting  procedure; 
the  elements  (6  N  purity  for  As  and  Se;  5N  purity  for  Sn)  were  mixed  in  an  evacuated  ampoule  and 
then  heated  at  two  temperature  steps:  870-920  K  and  1070-1120  K  [7],  The  films  of  thickness  from  2 
to  3  pm  were  deposited  by  the  flash  evaporation  technique  in  vacuum  onto  silicon  wafer  substrates 
held  at  100  °C.  AsSerSn^  films  with  x=0;  1;  2;  3;  5  and  7.5  at.  %  were  prepared.  X-ray  diffraction 
measurements  were  carried  out  in  a  TUR  M-62  diffractometer,  provided  with  a  copper  target  tube. 

UV-irradiation  was  performed  with  a  UV-Rom  medical  lamp  (Xmax=336  nm)  at  a  power 
density  of  1 16  pW/cml  The  temperature  reached  by  the  films  during  irradiation  did  not  exceed  40  “C. 
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3.  Results 

Pure  and  tin-doped  AsSe  films  were  investigated  by  X-ray  diffraction.  The  X-ray  diffraction 
patterns  before  and  after  ten  hours  of  UV-irradiation  for  the  film  with  7.5  %  Sn  are  shown  in  Fig.  1. 
While  the  virgin  film  is  completely  amorphous,  after  the  UV  irradiation  a  crystalline  phase  identified 
as  AS2O3  (arsenolite)  does  appear. 


Fig.  1 .  X-ray  diffraction  patterns  of  fi*esh  and  UV-irradiated  film  of  amorphous  AsSe  with  7.5  at.%  Sn. 

The  arrows  indicate  the  positions  of  the  arsenolite  (AS2O3)  peaks. 

The  FSDP  position  for  pure  AsSe  films  corresponds  to  the  quasi-periodicity,  d,  of  5.39  A.  A 
large  peak  width  of  1.41  speaks  in  favour  of  a  small  correlation  length  in  the  film.  After 
UV-irradiation  the  FSDP  diminishes  its  intensity,  shifts  to  lower  quasi-periodicity  (5.33  A)  and 
increases  its  width. 

The  changes  induced  by  UV  irradiation  were  studied  by  X-ray  scattering  at  small  diffraction 
angles.  Significant  interference  peaks  were  observed  (Fig.  2).  From  the  periodicity  of  the  peaks  it  was 
possible  to  calculate  the  thickness  of  the  arsenolite  layer  formed  at  the  surface  of  the  film. 


Fig.  2.  Small  angle  X-ray  scattering  with  the  interference  fringes  due  to  the  layer  formed  at  the 
film  surface,  by  UV  irradiation  (AsSe  films  doped  by  7.5  at.  %  Sn). 

For  the  case  of  the  sample  doped  by  7.5  at.%  Sn,  long-time  irradiation  was  carried  out  (~20  h) 
and  after  different  time  intervals  the  structure  was  investigated  by  X-ray  diffraction.  The  thickness  of 
the  surface  layer  was  calculated  for  each  step  of  irradiation.  Fig,  3  shows  the  results. 
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Irradiation  time  (h) 

Fig.  3.  The  growth  of  the  thickness  of  the  AS2O3  layer  induced  by  UV-radiation  for  various  exposure 
times  in  AsSe  films  doped  by  7.5  at.  %  Sn. 

The  thickness,  e,  of  the  AS2O3  layer  raises  rapidly  in  the  first  3  hours  of  irradiation  up  to  105 
A,  A  linear  relation  e(t)  holds  for  large  irradiation  times  (Fig.  3).  The  rate  of  formation  of  the  surface 
layer  is  7  A/h.  For  the  tin-doped  samples  the  quasi-periodicity  of  the  amorphous  network  increases 
linearly.  After  UV-irradiation  the  increase  of  the  quasi-periodicity  with  tin  content  maintains  its  linear 
character  but  the  slope  of  the  evolution  line  is  larger.  Fig.  4  shows  the  results. 


Fig.  4.  The  evolution  of  the  quasi-periodicity  distance,  Fig.  5.  The  thickness  of  the  AS2O3  layer  induced 

d,  versus  the  tin  content  in  AsSe  before  and  after  UV  by  UV  radiation  (10  h)  versus  tin  content  in 

irradiation.  amorphous  AsSe  films. 

Fig.  5  shows  the  evolution  of  the  thickness  of  the  AS2O3  layer  as  a  function  of  tin  content  in 
the  film  for  --10  h  of  irradiation.  The  values  for  x=0  and  x=5  were  ommitted  because  the  weakness  of 
the  interference  fringes  prevented  the  accurate  determination.  It  is  remarkable  the  fact  that  the 
thickness  of  the  surface  layer  firstly  decreases  with  the  Sn  content,  then,  after  reaching  a  minimum  at 
X  =  3  at.%  Sn,  it  increases.  This  effect  speaks  in  favour  of  a  better  stability  of  the  films  induced  by  tin 
for  small  concentration  of  this  metal. 

4.  Discussion 

The  role  played  by  impurities  in  amorphous  semiconductors  is  emphasizing  for  two 
structure-related  problems:  the  nature  of  the  defects  and  the  medium-range  ordering.  The  structure  of 
the  AsSe  glass  is  usually  treated  on  the  base  of  a  model  built  from  structuro-chemical  units:  AsSe, 
AsSe2As,  AsAs3  [8,  9].  The  molecular  units  As2Se3  and  As4Se4  prevail  in  AsSe  [10],  where  each  As 
site  has  one  As-As  homobond  [11].  The  homobonds  significantly  lower  the  mean  bonding  energy  of 
the  As-Se  matrix  in  compositions  with  deviation  from  the  stoichiometrical  As2Se3.  Under  these 
conditions  the  formation  of  new  structuro-chemical  units  like  SnSe  or  SnSe2  is  probable.  Such  units 
were  confirmed  by  a  Mossbauer  spectroscopic  study  [12]  from  which  it  was  deduced  that  tin 
impurities  in  As-Se  glasses  interact  only  with  Se  atoms,  and  entered  the  glass  matrix  with  a  maximum 
valence  (+4)  and  coordination  number  6  (as  in  SnSe2).  The  structuro-chemical  units  are  joined 
together  with  various  degree  of  polymerisation.  The  medium-range  order  in  AsSe  amorphous  films 
can  be  understood  as  a  system  of  corrugated  layers  similar  to  those  in  the  crystalline  As2Se3.  Both  in 
tin-doped  As2Se3  [13]  and  in  our  tin-doped  AsSe  films  it  was  found  that  the  quasi-periodicity 
increases  linearly  when  tin  is  added  to  the  chalcogenide  matrix.  Tin,  with  its  lower  electronegativity  in 
the  case  of  Sn-Se  bonding  than  in  the  case  of  Sn-As  bonding  acts  as  a  network  former  by  increasing 
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the  effective  thickness  of  the  layers  and,  possibly,  the  correlation  length.  The  photo-annealing  process 
induced  by  UV  irradiation  determines  a  local  rearrangement  of  the  bonds.  Part  of  the  numerous  bonds 
from  AsSe  is  transformed  into  heteropolar  bonds.  The  effect  must  be,  therefore,  higher  for  small 
amount  of  tin,  and  smaller  for  high  tin  content.  This  way  the  behaviour  of  the  FSDP  in  both  fresh  and 
photo-annealed  films  can  be  explained.  The  quasi-periodicity  distance  is  changed  because  UV  light 
maximize  the  hetero-polar  bonds,  and,  consequently,  the  disordered  AsSe:Sn  layers  become  thinner. 
As  concerning  the  minimum  in  the  thickness  of  the  transformed  layer  at  the  surface  of  the  film,  we 
must  compare  this  result  with  the  result  on  photodarkening  obseiTed  by  lovu  et  al.  [7]  on  the  same 
films.  It  was  shown,  that  tin  impurity  reduces  the  photodarkening,  and  the  degree  of  reduction 
becomes  sponger  as  the  impurity  concentration  is  increased.  Thermal  treatment  of  the  films  at  100  °C 
and  170  "C,  in  vacuum,  changes  the  photodarkening,  as  a  function  of  Sn  concentration: 
photodarkening  is  reduced  for  <  2  at.%  Sn  and  is  enhanced  at  higher  concentrations.  The  effect  of  the 
tin  additionon  on  the  structure  and  photodarkening  is  in  agreement  with  the  model  of  Shimakawa  et 
al.  [14].  The  metal  atoms  provide  bridging  between  the  layers  and  hence  reduce  the  slip  motion,  thus 
hindering  the  photodarkening,  while  allowing  a  larger  inter-layer  distance.  During  exposure  to  light 
the  layers  becomes  negatively  charged  due  to  capture  of  photoexcited  electrons  and  repulsive  forces 
are  built  between  the  layers.  These  forces  cause  the  increase  of  the  interlayer  distance.  In  the  same 
time  the  partial  elimination  of  the  wrong  (homopolar)  bonds  causes  a  reverse  process  of  interlayer 
decrease.  Both  effects  are  in  competition.  For  high  Sn  content  the  two  processes  reach  an  equilibrium 
and  no  change  of  the  quasi-periodicity  distance  takes  place,  as  proved  in  figure  4  for  the  tin 
concentration  of  7.5  at.%  Sn.  Shpotyuk  et  al.  [15]  have  explained  the  photo-  and  thermo-induced 
transformation  in  simple  amorphous  chalcogenides  (as  e.g.  AS2S3)  as  a  formation,  and  respectively 
annihilation  of  coordination  defects.  Up  to  now,  we  have  no  firm  explanation  of  the  minimum  in  the 
properties  of  AsSe:Snx  films  at  ~3.5  at.%  Sn,  but  the  consideration  of  the  effect  of  better  dispersion  of 
the  Sn-Se  units  accompanied  by  the  increase  of  the  rigidity  of  the  network,  seems  to  be  useful. 

5.  Conclusion 

X-ray  diffraction  measurements  allowed  to  reveal  significant  structural  modifications  induced 
in  pure  and  tin-doped  AsSe  amorphous  films  by  ultraviolet  light.  Long  time  UV  irradiation  in  air 
induced  the  formation  at  the  surface  of  the  films  of  AS2O3  (arsenolite)  layer.  Tin  has  a  stabilizing 
effect  against  the  transformations  of  the  AsSe  films  with  a  maximum  effect  for  ~3  at.%Sn.  The 
structural  modifications  of  the  AsSe  films  as  a  function  of  tin  doping  and  the  resistance  of  the  film 
against  UV  irradiation  were  explained  in  the  frame  of  the  Shimakawa's  model. 
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Amorphous  thick  films  in  the  system  Se-S  have  been  prepared  by  splat-cooling.  Local 
irradiation  of  the  films  with  laser  pulses  of  various  intensities  and  wavelengths  were  carried 
out.  The  effects  induced  by  laser  pulses  with  special  emphasis  to  the  eutectic  composition 
Se42S58  were  investigated  by  optical  microscopy  and  before  and  after  annealing  of  the  films. 

For  low  density  of  power  incident  on  the  film,  a  local  photo-darkening  effect  is  observed.  For 
mean  power  density  the  photo-darkened  region  increases.  For  high  power  density  a 
considerable  destructive  effect  appears,  which  determine  the  appearance  of  clusters  of  bubbles 
after  annealing  the  film  at  the  softening  temperature, 
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1,  Introduction 

Thick  non-ciystalline  films  in  the  system  Se-S  have  been  obtained  by  quenching  the 
corresponding  melts  to  room  temperature.  The  photo-structural  effects  induced  in  the  Se-S  films  are 
accompanied  by  modifications  of  the  position  of  the  absorption  edge  and  of  the  refractive  index  [1], 
For  high  incident  powder  the  accompanying  thermal  effect  induces  crystallization  and  local 
evaporation.  The  annealing  effect  after  irradiation,  with  the  formation  of  small  bubbles,  suggested 
using  these  films  in  designing  a  new  type  of  optical  memory  device  with  Se0.975S0.025  [2]. 

In  this  paper  we  report  the  results  of  a  study  of  the  effect  of  laser  pulses  on  the  thick  Se-S 
films,  with  special  emphasis  on  the  eutectic  composition,  prepared  in  non-crystalline  state  by  splat 
cooling. 


2.  Experimental 

Homogeneous  composition  in  the  system  Se-S  were  prepared  by  encapsulating  the  mixture  of 
selenium  (99.999  Hoboken  sulfur  99.9,  Romanian  Trade  Mark)  in  evacuated  Pyrex  ampoules 
followed  by  heating  at  ~220  ®C.  The  ampoules  were  maintained  for  2  hours  at  this  temperature  and 
were  shaked  from  time  to  time.  Then  the  melts  were  quenched  on  a  copper  block  covered  by  a 
tungsten  foil.  Glassy  films  of  thickness  ~  0. 1-0.2  mm  were  obtained.  The  following  ScxSi.x 
compositions  were  prepared:  (x=  0.25;  0.42,  0.5;  0.6;  0.8;  0.9).  Red,  dark-red  and  gray  films  were 
obtained,  as  a  function  of  composition.  All  the  films  exhibited  plasticity,  related  to  the  non-crystalline 
structure,  as  proved  by  optical  inspection  and  x-ray  diffraction. 

Then  the  films  were  pressed  between  two  ordinary  glass  plates  when  heated  at  100^  C,  in 
order  to  get  uniform  thinner  films  to  be  used  as  targets  for  laser  pulses.  All  the  films  are  stable  at 
temperatures  of — 10  ®C.  At  room  temperature  some  compositions  with  high  sulfur  content  are  stable 
for  --  2-4  weeks,  then  they  crystallize. 

Two  pulsed  lasers  were  used  for  the  investigation  of  the  photo-induced  effects  in  glassy  Se-S 

films: 

a  ruby  laser  working  in  relaxed  regime  with  the  pulse  length  of  x  =  500  ps, 
X  -  0.6943  pm. 
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a  YAG-Nd  laser  with  x  =  10  ns  (working  in  the  regimes:  nanopulse  (14  mJ/pulse)  and 
double  pulse  (28  mJ/pulse)  X  =  1064  nm. 

The  spot  can  be  adjusted  in  the  range:  10  pm  -  1000  pm.  The  examinations  of  the  laser  pulse 
effects  were  performed  in  a  Lcitz-Orthoplan-pol  microscope. 

A  considerable  attention  was  paid  to  the  sample  with  the  eutectic  composition  in  the  system: 
Seo.42So.58.  This  composition  exhibits  the  lowest  melting  temperature  (Tt  =  105  ^C)  [3]  and  the  highest 
stability  in  the  glassy  state. 

3.  Results 

Under  the  action  of  light  the  glassy  chalcogenides  from  the  system  changes  the  position  of  the 
fundamental  absorption  edge,  and,  therefore,  of  the  transparency  [4].  This  is  the  so-called  photo- 
darkening  effect. 

Laser  pulses  of  variable  total  energy  were  applied  on  the  Se-S  films.  As  a  consequence,  the 
irradiated  zone  suffered  transformations  and  a  latent  image  of  the  spot  was  registered.  In  time,  the 
image  develops  under  the  fonn  of  a  darkened  zone.  The  experimental  data  for  the  composition 
Sc()  42S0.58  are  given  in  Table  1 . 

Table  1.  Ruby  laser  pulse  effect  on  Seo.42So.58  glassy  film. 


Pulse  energy 
(mJ) 

Spot  diameter 
(pm) 

Observed  photo-darkening 

<  100 

- 

Absent 

200 

23 

after  24  h 

330 

80 

after  24  h 

580 

300 

after  3  h 

750 

350 

after  1  h 

980 

400 

immediately 

The  minimum  energy  of  the  pulse  (200  mJ)  corresponds  to  a  threshold  for  the  induced  photo- 
structural  effects.  It  is  observed  a  strong  correlation  between  the  size  of  the  photo-transformed  region 
and  the  total  energy  of  the  laser  pulse.  This  behavior  can  be  explained  by  the  thermal  induced  effect  of 
photo-transformation  around  the  zone  of  pulse  impact.  An  induced  crystallization  seems  to  be 
responsible  for  the  photodarkening  of  the  sample. 

In  order  to  prove  this  transformation,  a  thin  film  was  irradiated  on  a  broad  area  and  the 
transformation  of  the  Seo  42S0  58  material  was  investigated  by  X-ray  diffraction. 

Fig.  1  shows  the  results. 


Fig.  1 .  X-ray  diffraction  before  and  after  laser  pulse  irradiation  and  storage  in  dark  for  several  days. 
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As  a  general  observation,  the  photo-transformation  of  the  glassy  films  advances  in  time  and 
the  advancing  speed  is  increased  by  the  macroscopic  defects  in  the  films  (e.g.  cracks,  see  Fig.  2c).  The 
greatest  stability  against  the  advancement  in  time  of  the  crystallization  is  manifested  in  the  film  of 
composition  Se42S58.  Low  temperature  storage  determines  a  good  stability  of  all  the  films. 

Fig,  2  shows  the  general  aspect  of  the  photo-darkened  regions  in  8042858  films. 


a  b  c 

Fig.  2.  Photograph  of  the  darkened  regions  obtained  by  ruby  laser  pulse 
irradiation  of  a  8042858  glassy  film:  a-  200  mJ  (spot  diameter:10  pm);  b  -  580  mJ;  c  -  750  mJ. 

In  the  following  stage  of  the  research  we  have  studied  the  effect  of  high-energy  laser  pulse  on 
the  Se-8  films. 

Fig.  3  shows  the  effect  of  the  pulse  with  980  mJ  on  a  8042858  glassy  film.  The  high  power 
density  changed  considerably  the  region  of  the  pulse  impact  (to  a  size  of  ~60-100  pm).  A  central 
crater  is  clearly  seen.  A  diffusion  of  sulfur  or  even  a  release  of  this  element  outside  the  central  crater 
is  suggested.  Some  dark  spots  around  the  central  crater  are  probable  due  to  the  strong  thermal  effects 
of  the  laser  pulse. 

Then,  the  film  was  subjected  to  thermal  annealing  at  a  temperature  of  ~  100  ®C.  A  strong 
transformation  of  the  film  takes  place,  while  the  central  crater  seems  to  preserve  its  feature:  the  dark 
spots  around  the  crater  transform  in  nearly  perfect  round  bubbles,  of  size  10-40  pm  (Fig.  4).  The 
bubbles  are  very  stable  in  time,  and,  due  to  the  perfect  transparency  of  every  bubble,  the  cluster  of 
bubbles  defines  a  zone  of  transparency  in  the  film. 

The  formation  of  transparent  bubbles  can  be  explained  by  a  phase  separation  in  the  darkened 
zone.  8ome  phases  (e.g.  sulfur)  evaporates  very  easily  during  heating  and,  as  a  result  of  vapour 
pressure,  it  is  formed  in  the  film  a  disk  filled  with  sulfur  vapour.  By  cooling  at  room  temperature, 
sulfur  crystallizes  at  the  margins  of  the  disc,  the  inner  part  remaining  empty. 


Fig.  3.  Images  of  the  film  8e42858  in  the  region  Fig.  4.  The  same  region  of  the  laser  pulse  impact, 

of  impact  of  a  simple  laser  pulse  (ruby)  of  in  8042853  film  after  heat  treatment  at  -100  "C. 

energy  980  mJ  immediately  after  impact. 
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The  effect  of  the  single  pulse  emitted  by  the  YAG  -  Nd  laser  with  the  energy  per  pulse  of 
14  mJ  and  duration  10  ns  (power  per  pulse  :  1.4  MW;  =  1064  nm)  is  shown  in  Fig.  5a. 


Fig.  5.  The  effect  of  a  single  laser  pulse  on  the  eutectic  composition  8042858. 
(YAG-Nd  laser  X  =  1064  nm  :  x  =  10  ns);  a)  E  =  14  mJ;  b)  E  =  6.7  mJ;  c)  E  =  3.8  mJ. 


Magnitude:  1  cm  50  pm 

The  chalcogenide  film  (8642858)  is  strongly  damaged  on  a  region  of  70  x  120  pm.  The  pulse 
has  a  diameter  of  ~  50pm.  Fig.  5b  and  c  shows  the  effect  of  the  laser  pulse  whose  intensity  was 
reduced  by  48%  and  27%,  respectively.  The  dimensions  of  the  central  irradiated  zone  are  50  x  80  pm 
and  30  x  50  pm,  respectively.  The  irradiated  zone  changes  the  colour  from  the  red  to  yellow  due 
probably  to  the  release  of  sulphur  during  iiradiation.  In  the  same  time,  around  the  laser  pulse  impact 
region,  groups  of  micro  -  bubbles  appears.  These  micro  -  bubbles  transform  into  large,  stable  bubbles 
during  thermal  annealing  as  in  the  case  of  the  experiments  with  ruby  laser  pulses. 

The  experiments  with  laser  pulses  of  different  wavelengths  show  that  moderate  energies 
produce  significant  modifications  in  Se-S  materials.  The  main  aspects  are  the  release  of  sulphur  and 
the  formation  of  bubbles.  An  irreversible  optical  memory  based  on  the  diffusion  of  light  on  bubbles  is 
under  study. 

4.  Conclusions 

The  results  obtained  by  irradiation  of  glassy  8e-8  films  by  laser  pulses  allowed  to  conclude 
that  it  is  possible  to  get  transparent  bubbles,  which  can  be  suggested  to  be  used  for  an  optical  memory. 
The  most  important  composition  for  the  formation  of  the  bubbles  seems  to  be  8e42S58.  The  minimum 
of  the  bubble  size  obtained  by  us  was  10  pm  and  the  maximum  40  pm.  A  control  of  the  bubble  size 
and,  especially,  finding  the  conditions  for  getting  of  only  one  bubble  for  a  laser  shot  can  ensure  an 
optical  RAM  memory  of  enough  high  density  :  10**  bit/cm^. 
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In  this  paper  we  report  results  from  studying  changes  in  the  optical  properties  of  thin  vacuum 
deposited  films  from  the  systems  As4o-xGexS6o  (0  ^  x  ^  40)  and  (As2S3)ioo-jtBi(Tl)x  (0  <  x  <  15) 
depending  on  the  composition  and  conditions  of  evaporation  and  illumination  to  light.  The 
optical  transmission  and  reflection  of  thin  layers  deposited  on  BK-7  optical  glass  substrates 
have  been  measured  in  the  spectral  region  of  350  -  1500  nm  and  the  refractive  indices  and 
optical  band  gap  Eg  were  calculated.  It  was  found  that  the  method  of  evaporation  influences 
considerably  the  properties  of  thin  chalcogenide  films.  The  addition  of  Bi  or  Tl  in  AS2S3  leads 
to  an  increase  in  the  refractive  index  while  Ge  causes  its  decreasing.  The  illumination  of  as- 
deposited  films  leads  to  an  effect  of  photodarkening  and  decreasing  in  the  optical  band  gap  for 
As-containing  films  and  photobleaching  for  As  -  Ge  -  S  layers.  Using  TRR^  methods  (R^  is 
the  reflection  of  100  nm  thick  films  deposited  on  Si  substrate),  the  thickness  of  very  thin  layers 
from  the  systems  As  -  S  and  As  -  S  -  Ge  have  been  determined  to  an  accuracy  of  ±2  nm.  At  the 
same  time,  the  accuracy  in  the  determination  of  the  refractive  index,  was  less  than  ±0.005. 

For  the  absorption  coefficient,  k,  around  the  absorption  edge,  it  was  about  ±0.01,  using  a 
combination  of  TTR^  and  TR  methods.  A  comparison  between  the  results  obtained  from  the 
spectrophotometric  and  ellipsometric  measurements  has  been  made. 

(Received  May  31,  2001;  accepted  June  1 1,  2001) 
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1.  Introduction 

Chalcogenide  glasses  are  one  of  the  most  widely  known  families  of  amorphous  materials  and 
have  been  extensively  studied  for  several  decades,  partly  because  of  their  interesting  fundamental 
properties  and  partly  because  of  their  many  potential  applications  in  optical  imaging,  optical 
recording,  infrared  optics,  and  more  recently,  optical  communications  [1-5].  The  determination  of  the 
optical  constants  is  of  great  importance  for  understanding  the  mechanism  of  the  optical  processing 
and  for  their  utilisation  in  practice.  Because  glassy  AS2S3  is  known  as  a  stable  stoichiometric  binary 
compound,  the  systems  As  -  S  -  Ge(Bi,Tl)  have  been  chosen  to  continue  our  previous  studies  [6-9].  A 
number  of  works  exist  which  trace  the  influence  of  composition  and  preparation  conditions  of  thin 
films  on  the  physico-chemical  properties,  and  the  changes  in  them  induced  by  light.  The  structural 
changes  in  these  materials  are  related  to  the  change  in  their  optical  properties. 

Various  methods  exist  for  determining  the  optical  constants  of  thin  films  from  the 
coefficients  of  transmission  T  and  reflection  R,  or  via  their  combination  [10,11].  All  these  methods 
are  based  on  the  Swanepoel’s  method  and  different  computer  programs  for  calculation  the  optical 
constants  and  film  thicknesses.  As  the  film  structure  depends  strongly  on  the  conditions  of 
evaporation  there  are  some  differences  between  the  published  data  in  the  literature.  The  aim  of  the 
present  work  is  to  report  results  from  a  study  of  changes  in  the  optical  properties  of  thin  As  -  S  - 
Bi(Tl)  films,  depending  on  the  composition  and  light  illumination  as  well  as  to  determine  the  optical 
constants  of  very  thin  As  -  S  and  As  -  Ge  -  S,  using  triple  T,  R,  Rm  methods  [12,  13].  The  major 
advantage  of  these  is  the  simultaneous  determination  of  d  and  the  optical  constants  («,  k).  The 
combination  of  triple  and  double  TR  methods  results  in  a  very  accurate  calculation  of  n  and  k 
[14,  15].  A  comparison  between  the  data,  obtained  by  these  methods  and  the  ellipsometric 
measurements  of  the  same  films  will  be  presented. 
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2.  Experimental 

The  synthesis  of  the  bulk  samples  as  accomplished  from  starting  substances  (As,  Ge,  S,  T1 
and  Bi)  of  99.999  %  purity,  heated  in  a  quartz  ampoule  at  970°C  for  10  hours  (As  -  Ge  -  S  glasses) 
and  at  870°C  for  12  hours  (As  -  S  -  Bi  and  As  -  S  -  T1  glasses).  Thin  films  were  deposited  at  room 
temperature  onto  optical  glass  substrates  BK-7  and  Si  wafers  in  a  high  vacuum  of  10"’  Pa  by  thermal 
evaporation  of  previously  weighed  quantities  of  glasses  with  a  residual  in  the  boat.  The  composition 
of  the  bulk  materials  as  well  as  the  thin  films  was  determined  in  a  Scanning  electron  microscope  with 
a  X-ray  microanalyser  (Jeol  Superprobe  733,  Japan).(For  bulks  it  was  generally  w  1  at.%  of  the 
expected  compositions).  The  exposure  was  carried  out  in  air  with  a  halogen  lamp  (20  mW/cm  ),  for 
saturation  times  experimentally  established  for  each  composition.  The  film  transmission  T  was 
measured  with  a  spectrophotometer  (CARY  05E,  USA)  to  an  aecuraey  better  than  ±0.1  %,  and  the 
absolute  refleetions  Rf,  Rb  and  Rm  were  measured  with  VW  accessory  to  better  than  ±  0.5  %  in  the 
spectral  range  350  to  1500  nm.  The  ellipsometric  measurements  were  carried  out  at  three  angles  of 
incidence  of  light  (45, 48,  50  °),  at  X  =  632.8  nm,  using  MAI-ellipsometiy. 

3.  Results 

3.1.  Optical  properties  of  thin  As  -  S  and  As  -  Ge  -  S  films 

The  optical  constants  of  thin  ASjSioo-x  (28  <  x  <  45)  and  As4o.xGexS5o  (0  <  x  <  40)  films 
deposited  by  thermal  evaporation  with  a  deposition  rate  1.0- 1.5  nm/s  were  calculated.  The 
evaporation  process  was  stopped  when  the  film  thickness  was  about  1000  nm  with  a  residual  in  the 
boat.  The  refractive  index  and  thickness  were  calculated  from  the  transmission  spectra  using 
Swanepoel’s  method  and  a  computer  program  developed  by  Konstantinov  [13]. 
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Fig.  1.  Optical  transmission  of  various  chalcogenide  thin  films,  T,  vs.  wavelength,  X,  before 
and  after  illumination.  This  compositions  are  the  ones  exhibiting  the  largest  light-induced 

changes  in  optical  properties. 

In  Fig.  1  the  plots  of  the  optical  transmission  of  various  chalcogenie  thin  films  versus 
wavelength,  before  and  after  exposure  to  light  were  presented.  The  compositions  are  the  ones 
exhibiting  the  largest  light-induced  changes  in  the  optical  properties.  It  was  found  that  after 
illumination  the  absorption  edge  for  As  -  S  -  Bi(Tl)  thin  films  shifts  to  the  longer  wavelengths  (effect 
of  photodarkening)  while  for  the  As  -  S  -  Ge  system  the  effect  was  of  photobleaching.  In  the  system 
As  -  Ge  -  S  the  highest  shift  in  the  absorption  edge  (AX  =  -30  %  at  T  =  20%)  and  the  refraetive  index 
(A  n  =  -  0.07)  were  found  for  the  eomposition  AsioGeaoSeo.  When  Ge  content  increases  the  changes 
in  the  optical  properties  decrease.  The  thickness  to  an  accuracy  of  ±  1-3  nm  and  the  optical  constants 
of  chalcogenide  films  (100  nm  thick)  were  determined  by  two  triple  (T,  Rf,  Rm)  and  (T,  Rb,  Rm) 
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methods  [12].  The  subscripts/ and  b  denote  the  light  reflection  from  the  film  side  and  from  the 
substrate  (BK-7)  side,  respectively,  while  m  represents  the  reflection  of  the  same  film  deposited  on  a 
Si  wafer.  Table  1  shows  the  main  data  for  the  thickness  of  thin  As  -  Ge  -  S  films  determined  by  UV- 
VIS-NIR  spectrophotometry  using  T,  R,  R,„  method  and  by  ellipsometry.  It  seems  that  no  difference 
in  the  thickness  values  of  thin  films  from  the  investigated  system. 


Table  1.  Data  for  the  thickness  of  thin  As-Ge-S  films  determined  by  UV-VIS-NIR 
spectrophotometry  using  a  T,  R,  Rn,  method  and  by  ellipsometry. 


Composition 

t  T.  R.  Rm )  method 

Ellipsometric 

d  unexp  [nm] 

d  exD  [nm] 

d  unexD  _ 

d  exn  [nm] 

AS2S3 

AssoGeioSbo 

As2oGe2oS6o 

AsioGeaoSbo 

GeS2 

70  ±  1.0 

95  ±  1.5 

80  ±  1.0 

52  ±1.0 

48  ±  1.5 

68  ±  1.0 

91  ±  2.0 

85  ±  .1.3 

57  ±  1.0 
50+1.0 

69.4  +  0.1 

93.6  ±  0.2 
81.8  ±0.2 

53.6  ±0.2 
47.0  ±  0.2 

69.5  ±  0.2 

91.5  ±0,1 

86.2  ±  0.2 

57.7  ±0.3 

49.7  ±  0.2 

The  most  accurately  calculated  film  thicknesses  were  used  for  the  determination  of  the 
optical  constants  by  double  (T,  Rf )  and  (T,  Rb)  methods,  using  the  Newon-Raphson’s  iterative 
method  [14].  For  each  of  the  applied  methods  for  determining  the  optical  constants  and  thickness,  the 
absolute  maximum  errors  were  evaluated  [15].  From  the  relationship  d=  f(X)  =  cons,  obtained  by  the 
triple  methods,  the  physically  corrected  solutions  for  d  were  isolated.  The  determined  by  UV-VIS- 
NIR  spectrophotometry  optica!  constants  depending  on  the  film  composition  were  compared  with  the 
data  obtained  on  the  same  samples  by  MAI-ellipsometry  (Table  2).  It  was  found  that  the  refractive 
index,  n,  had  a  maximum  value  for  the  AS40S60  films.  After  exposure  to  light  to  saturation  n  increases 
for  all  thin  As^Sioo-x  films  while  the  thickness  decreases.  The  highest  change  in  n  was  observed  for 
AS40S60  layers  (A  «  =  0.12)  (Fig.  2).  The  same  dependence  of  n  =  f(?i)  for  unexposed  and  exposed  thin 
As  -  S  and  As  -  Ge  -  S  films  was  observed  when  (T,  Rf)  and  (T,  Rb)  methods  were  used  (Table  2). 


Table  2.  Data  for  the  refractive  index  of  thin  As-Ge-S  films  with  thickness  of  1000  nm  and  below  100 
nm  at  X=632.8  nm  obtained  by  UV-VIS-NIR  spectrophotometry  (1)  and  by  ellipsometry  (2). 


Composition 

Thin  films  1000  nm  thick 

Thin  films  about  100  nm  thick 

Unexposed 

Exposed 

Unex 

posed 

Exposed 

1  2 

1 

2 

1 

2 

1 

2 

AS2S3 

AS28S72 

AS33S67 

AS45S55 

AsioGe3oS6o 

As2oGe2oS6o 

AssoGoioSeo 

GeS2 

2.44 
2.33 
2.43 
2.43 

2.32 

2.35 

2.45 
2.15 

2.458 

2.428 

2.422 

2.456 

2.336 

2.369 

2.431 

2.131 

2.56 

2.40 

2.50 

2.52 

2.23 

2.30 

2.44 

2.11 

2.531 

2.417 

2.441 

2.553 

2.258 

2.280 

2.415 

2.096 

2.46 

2.33 
2.42 

2.45 

2.34 
2.34 

2.46 
2.12 

2.490 

2.414 

2.450 

2.454 

2.327 

2.388 

2.556 

2.131 

2.55 

2.42 

2.47 

2.54 

2.12 

2,23 

2.46 

2.02 

2.581 

2.456 

2.520 

2.553 

2.201 

2.281 

2.552 

2.027 

The  calculated  values  of  the  absorption  coefficient,  k  ,  from  the  above  mentioned  methods 
were  used  for  calculation  of  the  absorption  coefficient  a  (a  =  47ik/X).  Fig.  3  shows  the  plots  of  the 
(ahv)''^  =  f(hv)  dependence.  When  Ge  was  added  to  AS2S3  the  optical  band  gap,  Eg,  increases  for  the 
unexposed  layers.  After  exposure  to  light  Eg  increases  and  the  biggest  change  AEg  =  0.21  ev  was 
observed  for  thin  film  with  composition  As2oGe2oS6o  (Table  3).  The  results  for  the  composition 
dependence  and  the  influence  of  the  light  obtained  by  refractive  ellipsometry  were  in  a  good 
agreement  with  the  data  from  the  transmission  spectrophotometry.  It  was  found  that  k=Q  when  the 
optical  constants  were  detrmined  at  3  different  angles  of  incidence  of  light  on  the  sample  and  the 
calculated  values  of  «  at  45,  48  and  50°  show  that  both  unexposed  and  exposed  thin  As  -  S  and  As  - 
Ge  -  S  films  are  homogeneous. 
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Fig.  2.  Refractive  index,  n,  vs.  wavelength,  X,  for  various  chalcogenide  thin  film  samples 
before  and  after  illumination.  These  compositions  are  the  ones  exhibiting  the  largest  light- 

indused  changes  in  optical  properties. 


Fig.  3.  Optical  absorption  edge  (ahv)'^  vs.  energy  of  photon  (hv) 
for  unexposed  and  exposed  thin  As-Ge-S  films 

Table  3.  Data  for  the  optical  band  gap  of  unexposed  and  exposed  thin  As-Ge-S  films. 


Composition 

Eg  unexp. 
feVl 

Eg  exp 

feV] _ 

AEg 

revi 

AS2S3 

2.38 

2.33 

-0.05 

As3oGeioS6o 

2.42 

2.49 

+0.07 

As2oGe2oS6o 

2.24 

2.45 

+0.21 

AsioGe3oS6o 

2.27 

2.39 

+0.12 

GeS, 

2.53 

3.2.  Optical  properties  of  thin  As  -  S  -  Bi(Tl)  films 

Thin  films  (1000  nm  thick)  from  the  system  As  -  S  -  Bi(Tl)  were  deposited  by  thermal 
evaporation  of  bulks  with  compositions  As39S58Bi3,  As38S56Bi6,  As36S54Biio,  AS39S58TI3,  AS38S56TI6 
and  AS36S5TI10,  It  was  found  that  the  absorption  edge  of  unexposed  thin  layers  was  shifted  to  longer 
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wavelength  increasing  the  Bi  or  T  content  in  AS2S3  (Fig.l).  After  exposure  to  light  an  effect  of 
photobleching  occured.  The  largest  value  of  the  shift  of  the  absorption  edge,  A^,  was  observed  for 
thin  films  with  compositions  As39S58Bi3  (AA.  =  +15  nm  at  T  =  20%)  and  AS38S56TI6  {AX  =  +26  nm  at  T 
=  20%).  An  increase  in  the  Bi  or  Tl  content  leads  to  decreasing  in  the  shift  of  the  absorption  edge. 

From  the  transmission  measurements  we  have  calculated  the  refractive  index  of  thin  films  from 
above  systems.  It  was  found  that  the  values  of  n  increases  for  the  both  systems  (As  -  S  -  Bi  and 
As  -  S  -  Tl)  and  the  maximum  changes  in  n  was  observed  for  thin  layers  with  the  same  compositions 
-  As39S58Bi3  {An  =  0.10)  and  AS38S56TI6  (Aw  =  0.16)  (Fig.2).  In  the  same  time  a  decrease  in  the  film 
thickness  after  exposure  to  light  was  found  (for  the  composition  AS38S56TI6  Ad=  AS  nm). 

In  Table  4  the  ellipsometrically  determined  values  of  n  and  d  of  thin  As  -  S  -  Bi(Tl)  films  are 
shown.  The  calculated  optical  constants  considerably  differ  comparing  them  with  those  determined 
by  UV-VIS-NIR  spectrophotometry  for  both  unexposed  and  exposed  thin  films  but  the  composition 
and  exposure  dependence  was  the  same. 


Table  4.  Data  for  n  and  rf  for  unexposed  and  exposed  thin  As-S-Bi(Tl)  films. 


Composition 

U  unexT) 

^  exD 

d  unexD  fum] 

d  exn  [nml 

AS39S58Bi3 

2.477 

2.450 

1014 

978 

AS38S56Bi6 

2.367 

2.353 

1118 

1117 

AS39S58II3 

AS38S56TI6 

2.367 

2.493 

1036 

1037 

AS36S54TI10 

2.712 

2.832 

930 

877 

2.599 

2.632 

1073 

1044 

3.3.  Optical  absorption  of  thin  As  -  S  -  Bi(TI)  films 

In  the  case  of  the  amorphous  chalcogenide  semiconductors,  the  optical  absorption  coefficient, 
a  ,  changes  rapidly  for  the  photon  energies  comparable  to  that  of  the  band  gap,  Eg,  giving  rise  to  an 
absorption  edge.  Three  regions  can  be  distinguished:  at  the  largest  photon  energies  (a  >  lO'^  cm‘^),  in 
the  region  of  the  edge  itself  (10  <  a  <  10"^  cm'*)  and  at  the  lowest  photon  energies  (a  <  10  cm’*).  The 
region  with  high  absorption  is  characterised  with  interband  transitions  between  valence  and 
conduction  bands,  while  in  the  last  region  transitions  between  (defect)  states  in  the  gap  and  the  bands 
take  place  [16]. 

At  the  highest  values  of  the  absorption  coefficient,  a  ,  when  the  condition  ad  >  1  takes  place, 
the  absorption  coefficient,  a,  should  be  calculated  from  the  equation 

T  =  (l-R)'exp(-ad),  (1) 

where  T  is  the  transmittance,  R  is  the  reflectance,  a  is  the  absorption  coefficient  and  d  is  the  film 
thickness. 

Under  certain  conditions,  the  absorption  coefficient  in  the  region  (10"*  <  a  <  10^  cm’*) 
exhibits  a  power-law  dependence  on  photon  energy  hv  if  the  densities  of  states  in  the  valence  and 
conduction  bands  also  have  a  power-law  energy  dependence  in  the  vicinity  of  the  gap.  In  the  special 
case,  where  both  valence  and  conduction  band  edges  have  a  parabolic  shape.  According  to  Mott  and 
Davis  the  absorption  coefficient  is  connected  with  the  photon  energy  by  the  equation 

(  ahv  )  =  B  ( hv  -  Eg)^  (2) 

where  B  is  a  substance  parameter,  h  is  Plank  constant  and  v  is  the  frequency.  Usually  B  depends  on 
the  width  of  the  localised  states  in  the  band  gap,  which  existing  is  due  to  the  homeopolar  bonds  in  the 
chalcogenide  glasses.  Thus  Tauc  plots  of  (ahv)*^  versus  A  v  should  be  linear  and  extrapolate  to  values 
of  the  (optical)  gap.  Eg. 
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Fig.  4.  Optical  absorption  edge  (ahv)*'^  vs.  energy  of  photon  (hv)  for  unexposed  and 
exposed  thin  As-  S-  Bi(TI)  films. 

Figs.  3  and  4  represent  plots  of  (ahv)’^^  vs.  hv  for  various  unexposed  and  exposed  thin  films 
from  the  systems  As  -  Ge  -  S  and  As  -  S  -  Bi(Tl).  It  was  found  that  the  optical  band  gap  decreases  for 
as-deposited  As-S  thin  films  increasing  the  As  content  (Eg  =  2.53  eV  for  As2gS72  and  Eg  =  2.36  eV 
AS45S55  (Fig.3).  After  exposure  a  decrease  in  Eg  occurred  and  the  highest  change  was  for  thin  AS45S55 
films  (AEg  =  -0.05  eV).  This  decrease  in  the  optical  band  gap  could  be  connected  with  the  increase  in 
the  constant  B,  which  according  to  Mott  and  Davis  is  due  to  the  increasing  in  the  structural  ordering. 

The  plots  of  (ahv)'^^  vs.  hv  for  unexposed  and  exposed  As  -  S  -  Bi  films  depending  on  Bi 
content  are  shown  in  Fig.  4a.  In  the  range  of  high  absorption  the  linear  dependence  retains  and  it  is 
evident  that  the  absorption  edge  shifts  to  lower  photon  energies  as  the  Bi  content  increases.  The  band 
gap  for  the  unexposed  films  decreases  from  Eg  =  2.39  eV  for  AS40069  to  Eg  =  2.06  eV  for  As36S54Biio). 
For  as-deposited  As  -  S  -  T1  films  the  optical  band  gap  decreases  to  2.16  eV  for  thin  As36S54Tl)o  films 
(Fig.  4b)  [9]  In  the  same  time  the  slope  of  the  absorption  coefficient  decreases  because  of  a^decrease 
in  disordering.  The  values  of  B  decreases  from  777  cm''^eV'^for  AsggSsgBis  to  563  cm  '^eV'^  for  the 
composition  As36S54Biio.  After  exposure  of  thin  As-S  -  Bi(Tl)  films,  the  absorption  edge  is  shifted  to 
longer  wavelengths  -  an  effect  of  photodarkening  is  observed.  The  optical  band  gap  decreases  for 
both  systems  and  the  largest  changes  were  found  for  composition  As39S5gBi3  -  Eg  =  0.04  eV) 
(Fig.  4a).  The  decrease  in  the  band  gap  with  an  increased  Bi  or  T1  content  occurs  because  the  latter 
creates  localised  states  in  the  band  gap. 

4.  Discussion 

It  should  be  noted  that  thin  As-containing  chalcogenide  films  represent  inorganic  polymers 
with  specific  branched  polymer  structure.  According  to  some  authors,  the  as-deposited  As-S  and 
As  -  S  -  Me  layers  are  a  heterogeneous  mixture  of  structural  units  of  the  type  AS2S3,  AS4S3,  AS4S4, 
As4,  Sg,  TlAsSj,  TI3ASS3  or  BiSg.  In  AS2S3  glasses  the  ASS3  trigonal  pyramidal  units  are  linked  by  the 
sulphur  atoms.  It  was  suggested  that  the  addition  of  TI2S  to  AS2S3  glasses  breaks  some  As-S  -  As 
bridges  in  order  to  form  new  bonds  between  electrically  charged  ions.  On  illumination,  polymer- 
destrucive  changes  occur  leading  to  the  weakening  of  some  bonds  and  to  stregthening  of  others.  The 
existence  of  structural  changes  in  such  chalcogenide  films  on  illumination  is  supported  by  changes  in 
their  optical  properties  (the  shift  in  the  absorption  edge,  the  refractive  index  and  the  optical  band 
gap).  The  addition  of  T1  or  Bi  to  thin  As-S  -  Bi(Tl)  films  leads  to  the  increase  of  the  refractive  index 
and  decrease  of  Eg.  Adding  T1  to  AS2S3  the  average  bond  strength  of  the  compound  decreases  and 
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hence  Eg  will  decrease.  For  better  understanding  the  nature  of  the  photostructural  changes  we  need 
some  IR  and  Raman  investigations. 

5.  Conclusions 

Bulk  glasses  from  the  systems  As  -  S  -  Ge(Bi,  1)  have  been  synthesized.  The  results  of  the 
X-ray  microanalysis  performed  that  the  compositions  of  the  bulks  samples  as  well  as  thin  As  -  S  -  Ge 
films  are  very  close  to  the  expected  compositions.  Some  differences  were  observed  in  the 
compositions 

As  -  S  -  Bi(Tl)  films  connected  with  the  evaporation  conditions.  From  the  transmission  and 
ellipsometic  measurements  the  optical  constants  have  been  determined  and  the  influence  of  the 
composition  and  light  illumination  has  been  demonstrated.  For  their  precise  calculation  it  is  necessary 
to  utilise  both  transmission  and  ellipsometric  measurements.  The  results  confirm  for  the  first  time  the 
viability  of  the  double  and  triple  methods  used  for  determining  the  optical  constants  of  very  thin 
vacuum  deposited  homogeneous  As  -  S  and  As  -  Ge  -  S  films  to  a  very  high  accuracy.  The  great 
changes  in  the  optical  properties  of  some  of  the  investigated  chalcogenide  films  make  possible  their 
application  as  optical  recording  materials. 
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The  effect  of  oblique  deposition  on  the  optical  and  electrical  properties  of  AS2S3  and  As2Se3 
thin  films  has  been  investigated.  Amorphous  films  of  AS2S3  and  As2Se3  were  deposited  on 
glass  substrate  by  vacuum  evaporation  of  source  materials.  The  indirect-  optical  bandgap 
energy  was  obtained  to  be  2.40eV  for  AS2S3  and  1.81  eV  for  As2Se3.  The  band  gap  was  found 
to  be  independent  of  angle  of  deposition.  DC  conductivity  of  the  films  was  very  low.  The 
refractive  index  and  extinction  coefficient  have  been  calculated  using  the  transmission  spectra 
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1.  Introduction 

For  the  past  four  decades,  devices  based  on  amorphous  and  disordered  materials  have  grown 
in  importance.  The  atomic  bond  in  these  materials  is  covalent,  while  it  can  be  modified  to  be  metallic 
or  ionic.  It  is  this  flexibility  that  enables  tailoring  of  their  properties  over  a  wide  range.  The  unique 
ability  of  amorphous  materials  to  be  engineered  at  molecular  level  and  fabricated  by  vapour 
deposition  processes  in  highly  uniform  large  area  structures  has  permitted  them  to  be  used  in  wide 
range  of  devices  for  sensing,  encoding,  switching,  transmission  and  storage  of  information.  It  has  also 
assisted  the  development  of  new,  pollution  free  technology  for  the  generation  of  electrical  energy. 
Detailed  studies  have  been  reported  on  photoinduced  structural  transformations  in  amorphous 
chalcogenides[l-5].  These  changes  have  been  found  to  accompany  different  phenomena  such  as 
changes  in  refractive  index,  optical  bandgap,  film  thickness  and  chemical  activity. 

In  the  present  work,  we  report  the  effect  of  oblique  deposition  on  optical  and  electrical 
properties  of  AS2S3  and  As2Se3  thin  films.  For  optoelectronic  devices,  an  accurate  determination  of 
the  optical  constants  such  as  absorption  coefficient,  refractive  index  and  dielectric  costant  of 
semiconductor  thin  films  is  important  to  precisely  model  their  spectral  response.  To  predict  the 
photoelectronic  behaviour  of  a  device,  it  is  important  to  know  the  variation  of  refractive  index  and 
absorption  coefficient  with  wavelength.  The  DC  conductivity  has  been  determined  to  elucidate  the 
conduction  mechanism  of  the  films. 

2.  Experimental  details 

The  normal  and  oblique  films  of  AS2S3  and  As2Se3  were  prepared  by  vacuum  evaporation 
technique.  The  oblique  films  were  deposited  at  an  angle  of  80®,  this  being  the  angle  between  the 
normal  to  the  substrate  and  direction  of  incidence  of  the  evaporated  atoms.  An  optical  glass  slide  with 
a  thickness  of  about  1 .5mm  was  used  as  the  substrate  for  the  films.  Prior  to  evaporation,  the  substrate 
was  cleaned  with  distilled  water,  acetone  and  ethanol  respectively  and  then  dried  using  a  blower.  The 
evaporation  was  conducted  on  the  substrate  at  room  temperature  in  a  vacuum  of  about  I^IO"®  Torr 
from  a  molybdenum  boat  heater.  A  surface  profiler  (Dektok  3)  was  used  to  measure  the  thickness  of 
the  films.  The  results  presented  here  for  typical  film  having  thickness  in  the  range  0.7- 1.2pm. 

The  optical  transmission  measurements  were  performed  on  thin  films  using  UV-VIS 
spectrophotometer  (Hitachi  330).  DC  conductivity  measurements  were  made  on  the  films  by 
evaporating  aluminium  contacts  in  a  coplanar  configuration. 
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3.  Results  and  discussion 

The  amorphous  nature  of  the  samples  was  confirmed  by  tire  X-ray  diffraction  measurements. 
Refractive  index  and  extinction  coefficient  have  been  calculated  using  the  method  suggested  by 
Swanepoel  [6-8].  The  refractive  index  and  absorption  coefficient  are  obtained  using  the  transmission 
spectra.  The  refractive  index  (n)  has  been  obtained  using  the  following  expressions, 

_  1 

n  =  |M  +  (M^-s')2 


where  M  = 


2s  (s^  + 1) 


and 


s"  +1 


■+•  2s 


iS^  +  ] 

2 

Tm-T. 


TlvlTm 


for  transparent  region 
for  weak  and  medium  absorption  region 


Tm  and  Tm  are  the  values  of  maximum  and  minimum  transmission  at  a  particular 
wavelength,  s  is  the  refractive  index  of  the  substrate 

The  absorption  coefficient  was  determined  using  the  relation  exp(-at)  =  T  where  t  is  the 
thickness  of  the  film  and  T  is  the  transmittance. 

The  bandgap,  of  the  films  has  been  estimated  using  Tauc’s  relation 

a  =  (B/hv)(hv-Eop,)" 


where  B  is  a  constant,  Eopt  is  the  optical  bandgap  energy  and  hv  is  the  photon  energy,  n 
depends  on  electronic  transitions  in  k-space  and  takes  the  values  'A, 1, 2  and  3. 


Fig.  1 .  Variation  of  (ahv)*'^  Vs  photon  energy  for  AS2S3. 


The  results  are  shown  in  Fig.{l)  and  Fig.(2)  as  a  plot  of  (ahv)'^^  Vs  photon  energy  (hv).  On 
extrapolating  the  linear  portion  of  the  curve  to  x-axis,  Eopt  is  found  to  be  2.4eV  for  AS2S3  and  1.81eV 
for  As2Se3.  The  estimated  value  of  the  band  gap  is  very  close  to  the  reported  value  of  2.4eV  forAs2S3 
and  1.8eV  for  As2Se3  [9]. 
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Fig.  2.  Variation  of  (ahv)^^^  Vs  photon  energy 
for  As2Se3. 


Fig.  3.  Variation  of  refractive  index  with  wavelength 
for  AS2S3. 


Fig,  4.  Variation  of  refractive  index  with  wavelength  for  AsaSes. 

Fig.  (3  and  4)  show  the  refractive  index(n)  and  Fig.(5  and  6)  show  extinction  coefficient(K) 
as  a  function  of  wavelength  for  the  films  deposited  at  normal  and  80^  oblique  incidence  of  AS2S3  and 
As2Se3  respectively. 
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Fig.  5.  Variation  of  extinction  coefficient 
with  wavelength  for  AS2S3. 


Fig.  6.  Variation  of  extinction  coefficient 
with  wavelength  for  As2Se3, 
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The  refractive  indices  of  the  films  are  found  to  obey  the  normal  dispersive  law.  The  typical 
values  of  refractive  index  2.49  for  AsjSi  at  630nm  wavelength  and  2.95  at  730nm  for  As2Se3  are  in 
close  agreement  with  the  reported  data  [10].  However  the  refractive  index  for  obliquely  deposited 
films  were  found  to  be  low  as  compared  to  the  normal  deposited  films.  This  change  in  refractive 
index  could  be  attributed  to  the  structural  changes  occurring  in  obliquely  deposited  films. 


Fig.  7.  Variation  of  dark  conductivity  with 
temperature  for  AS2S3. 


Fig.  8.  Variation  of  dark  conductivity  with 
temperature  for  As2Se3. 


Fig.  (7  and  8)  show  the  temperature  dependence  of  the  dark  conductivity,  for  the  samples  of 
AS2S3  and  As2Se3  respectively.  It  has  been  observed  that  the  conductivity  increases  with  temperature, 
that  can  be  attributed  to  thermal  activation  of  carriers. 
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Changes  of  optical  transmittance  induced  by  the  influence  of  *®Co  y-irradiation  have  been 
studied  in  ternary  As-Ge-S,  Sb-Ge-S,  As-Ge-Se  and  As-Bi-Se  systems.  The  characters  of 
radiation-induced  optical  effects  in  all  these  systems  have  been  compared  It  was  shown  that 
the  compositional  dependencies  of  such  effects  are  almost  linear  for  stoichiometric  glasses 
and  reveal  some  peculiarities  connected  with  phase  features,  the  “free  volume”  parameters  and 
the  specificity  of  radiation  induced  defects  formation  for  non-stoichiometric  families. 
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1.  Introduction 

Recent  investigations  of  gamma-induced  optical  phenomena  in  various  ternary  systems  of 
amorphous  chalcogenide  semiconductors  (AChS)  have  shown  that  the  value  and  character  of  these 
induced  effects  as  well  as  their  dynamic  and  static  components  essentially  depends  on  the  origin, 
concentration  and  valency  of  constituent  atoms,  the  dimensionality,  compactness  and  stoichiometry  of 
structure  as  well  as  the  concentration  of  homo-  and  heteropolar  bonds  [1-6].  The  aim  of  this  work  is 
the  comparative  analysis  of  radiation-induced  optical  effects  (RIOE)  in  different  types  of  AChS 
systems. 

2.  Experimental 

Traditional  melt  quenching  method  was  used  for  the  preparation  of  bulk  AChS  samples  of 
As-Ge-S,  Sb-Ge-S,  As-Ge-Se  and  As-Bi-Se  systems.  5N  purity  elements  were  chosen  as  precursors 
for  synthesis.  The  cooled  ampoules  additionally  heated  at  the  temperatures  just  below  the  glass 
transition  point  Tg  with  the  aim  to  avoid  the  postsynthesis  residual  stresses. 

All  samples  were  irradiated  with  1 .0-4.4  MGy  doses  in  the  conditions  of  stationary  radiation 
field  created  in  the  closed  cylindrical  capacity  by  the  concentrically  placed  *®Co  sources.  The  mean 
energy  of  y-flow  was  1.25  MeV;  the  power  of  exposure  dose  was  20  Gy/s.  The  value  of  absorbed 
dose  was  limited  by  the  unwanted  thermoradiation  effects,  which  might  suppress  RIOE.  In  our  case 
the  temperature  in  the  cavity  of  radiation  sources  did  not  exceed  320-330  K. 

Optical  transmittance  spectra  were  measured  before  and  after  y-irradiation  for  a  wide  range  of 
chemical  compositions  inside  of  each  system  using  “Specord  M40”  spectrophotometer  with  accuracy 
0.5  %.  Compositional  dependencies  of  maximal  radiation-induced  changes  of  optical  transmittance 
(Atmax)  at  the  region  of  fundamental  absorption  edge  (Urbach  tail)  were  chosen  as  controlled 
parameters  for  RIOE  investigations. 

Taking  into  account  that  the  RIOE  magnitude  essentially  increases  with  the  sample  thickness, 
obtained  glasses  were  cut  into  the  disks  of  0.7-2  mm  thickness  in  dependence  on  the  sensitivity  of 
AChS  systems  to  the  influence  of  y-irradiation. 

In  order  to  analyse  the  interrelation  between  RIOE  and  structural  parameters  the  compactness 
6  was  calculated  for  each  composition  using  known  formula  [7-12]: 
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6  =  ,.! - 

V. 


(1) 


where  V;  is  the  volume  occupied  by  the  atoms  of  i-th  chemical  element  of  glass;  Vcxp  is  the 
experimentally  measured  volume  of  glass;  Ai,  Xj  and  pj  are  the  atomic  weight,  the  atomic  fraction  and 
the  atomic  density  of  i-th  chemical  element,  respectively;  p  is  the  measured  density  of  glass.  The 
quantities  5  can  take  the  negative  values,  corresponding  to  larger  “free”  volume. 


3.  Results  and  discussion 


3.1.  As-Ge-S  system 

The  compositional  dependencies  of  maximum  value  of  optical  transmittance  difference  before 
and  after  y-irradiation  for  stoichiometric  As2S3-GeS2  and  non-stoichiometric  As2S3-Ge2S3  sections  of 
As-Ge-S  system  are  presented  in  Figs.  1  and  2,  respectively.  Radiation-induced  changes  were 
measured  1  day  after  irradiation  (total  RJOE  described  by  Ax,„ax^)  and  2  months  later  (static 
component  of  RIOE  described  by  It  is  clear  that  dynamic  component  of  RIOE  is  equal  to  the 

difference  between  the  total  effect  and  static  component.  The  average  coordination  number  Z 
(calculated  as  the  number  of  covalent  chemical  bonds  per  atom  of  the  formula  unit  [13,14])  was 
chosen  as  composition  parameter.  This  parameter  is  appropriate  for  consideration  only  in  the  ternary 
glasses  of  A"^-B''-C''*  type  when  Z  changes  essentially  with  composition. 

It  must  be  mentioned  that  phenomenological  model  for  RIOE  in  stoichiometric  glass 
compositions  can  be  built  on  the  basis  of  radiation-induced  redistribution  of  chemical  bonds  too. 
Moreover,  such  processes  are  confirmed  by  IR  investigations  in  400-100  cm  '  region. 


2.40  2.45  2.50  2.55  2.60 

z 

Fig.  1 .  Dependence  of  quantitative  parameters  of  total 
(A'tmnx'^)  and  static  (At,„xx*')  RIOE  for  stoichiometric 
As2S3-GeS2  section  of  As-Ge-S  system  on  the  average 
coordination  number  Z. 


Fig.  2.  Dependence  of  quantitative  parameters  of  total 
(ATtoox^)  and  static  (Atmax")  RIOE  for  non-stoichiometric 
As2S3-Ge2S3  section  of  As-Ge-S  system  on  the  average 
coordination  number  Z. 


As  expected,  the  linear  increasing  of  Ax^ax  with  Z  is  observed  for  stoichiometric 
compositions.  Higher  sensitivity  of  Ge-enriched  glasses  to  y-irradiation  is  well  explained  by  the 
corresponding  decreasing  of  compactness  6  (see  Fig.  3).  It  can  be  assumed  that  radiation-induced 
defects  become  stabilize  easier  inside  of  the  voids  (at  the  increasing  of  “free”  volume)  in  comparison 
with  more  compact  structure  when  the  nearness  of  other  atoms  promotes  the  quick  healing  of  these 
defects. 

Calculations  of  5  for  non-stoichiometric  compositions  revealed  the  minimum  value  for  this 
parameter  at  Zas2.7  (Fig.  4  [1 1]).  Such  feature  agrees  with  the  behaviour  of  AXn,ax^(Z)  and  AXn,ax*‘(Z) 
dependencies  which  demonstrate  the  maximum  RIOE  at  this  point.  In  the  case  under  consideration  the 
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joint  contribution  of  compactness  and  bonds  concentration  into  the  mechanism  of  RIOE  must  be  taken 
into  account  using  the  parameter  co  [7]: 

a)=C8,  (2) 

where  C-  concentration  of  main  chemical  bonds,  which  take  part  in  the  radiation-induced  defects 
formation. 


Fig.  3.  Dependence  of  atomic  compactness  6  on  average  Fig.  4.  Dependence  of  atomic  compactness  5  on 
coordination  number  Z  for  As2S3-GeS2  stoichiometric  average  coordination  number  Z  for  As2S3-Ge2S3  non¬ 
section.  stoichiometric  section  [II]. 

3.2.  Sb-Ge-S  system 

One  more  representative  of  type  ternary  systems  is  Sb-Ge-S.  The  ATmax(Z) 

dependencies  of  total  RIOE  and  its  static  component  for  stoichiometric  Sb2S3-GeS2  and  non- 
stoichiometric  Sb2S3-Ge2S3  sections  are  presented  in  Fig.  5  and  Fig.  6,  respectively.  In  both  cases  Sb- 
enriched  samples  do  not  reveal  any  RIOE.  This  is  connected  with  the  nature  of  Sb  atoms,  which 
exhibit  exceptional  ability  to  the  passivation  of  RIOE  by  the  preventing  of  radiation-induced  defects 
stabilization.  Such  ability  is  associated  with  the  high  level  of  metallization  in  Sb-containing  chemical 
bonds  and  the  high  compactness  of  these  glasses.  The  5(Z)  curve  has  a  similar  shape  as  in  the  case  of 
As-Ge-S.  As  the  consequence,  for  this  non-stoichiometric  section,  in  contrast  to  As2S3-Ge2S3,  the 
characters  of  AXmax(Z)  and  8(Z)  dependencies  mismatch. 


Fig.  5.  Dependence  of  quantitative  parameters  of  total  Fig.  6.  Dependence  of  quantitative  parameters  of  total 

(Axmax^)  and  static  (AT^ax*^)  RIOE  for  stoichiometric  (AXmax^)  and  static  RIOE  for  non- 

Sb2S3-GeS2  section  of  Sb-Ge-S  system  on  the  average  stoichiometric  Sb2S3-Ge2S3  section  of  Sb-Ge-S  system 


coordination  number  Z.  on  the  average  coordination  number  Z. 

3.3  As-Ge-Se  system 

In  order  to  analyse  the  features  of  RIOE  in  the  whole  range  of  Z  variation  the  y-induced 
changes  of  optical  transmittance  in  AsxGcySei.x.y  system  was  studied.  Extremum  points  can  be 
observed  at  Z«2.4  and  Z»2.7.  First  point  undoubtedly  represents  the  well-known  rigidity  transition 
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[15,16].  Second  point  is  the  subject  of  discussions  up  and  it  is  often  attributed  to  2D-3D  topological 
phase  transition  [13]  or  to  the  phase  separations  [17]. 


Fig.  7.  Dependence  of  maximal  radiation-induced  change  of  transmittance  on  the  average 
coordination  number  Z  for  non-stoichiometric  AsxGeyScj.x.y  family  of  As-Ge-Se  system. 

3.3.  As-Bi-Se  system 

Sometimes  even  small  quantities  of  additions  cause  the  essential  radiation-induced  changes  of 
optical  transmittance.  On  of  such  examples  is  the  chemical  modification  of  stoichiometric  As2Se3  by 
Bi.  Maximal  RIOE  takes  place  when  the  Bi  concentration  is  --0.5  at.  %  (Fig.  8)  and,  as  it  is  assumed, 
the  concentration  of  ( Bij ,  Se^ )  and  (  Bi^ ,  Se" )  defect  pairs  is  highest. 


Fig.  8.  Dependence  of  maximal  radiation-induced  change  of  transmittance  on  the  content  of  Bi 
for  stoichiometric  As2Se3  chemically  modified  by  Bi. 

Taking  into  account  that  in  some  glasses  addition  of  Bi  can  change  the  type  of  electrical 
conduction,  it  is  important  to  clear  the  mechanism  of  Bi  entering  of  into  the  glass  matrix.  The  most 
popular  explanations  are  the  change  of  Bi  coordination  in  dependence  on  its  concentration  and  the 
increasing  of  disequilibrium  between  the  concentrations  of  positively  and  negatively  charged  defects 
[19].  So,  the  mechanism  of  RIOE  in  As2Se3Bix  glasses  is  intricate  problem  and  needs  an  additional 
detail  studies. 


4.  Conclusions 

Investigations  of  y-induced  changes  of  optical  transmittance  show  that  mechanism  of  RIOE 
consists  in  the  coordination  defects  formation  under  the  radiation  treatment.  The  peculiarities  of  this 
process  are  determined  by  structural  features  of  glass,  its  composition,  stoichiometry,  parameters  of 
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free  volume,  concentration  of  main  chemical  bonds  as  well  as  by  the  origin  of  constituent  chemical 
elements. 
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The  nature  of  coordination  defects  in  chalcogenide  vitreous  semiconductors  of  As-Ge-S 
system  have  been  analysed  before  and  after  y-irradiation  using  the  results  of  positron  lifetime 
measurements.  The  correlations  between  the  positron  lifetime  data,  the  structural  features  and 
the  chemical  compositions  of  glasses  have  been  established.  The  identification  of  negatively 
charged  point  defects  has  been  carried  out. 
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1.  Introduction 

A  good  sensitivity  of  positron  annihilation  method  to  the  changes  in  local  structure  of  solids,  to  the 
presence  of  point  defects,  inhomogeneities  and  phase  transitions  makes  it  an  important  source  of 
information,  which  allows  to  verify  and  to  complete  the  results  obtained  by  various  experimental 
techniques.  Sometimes,  as  in  the  case  of  chalcogenide  vitreous  semiconductors  (ChVS),  it  is  one  of  the 
exclusive  experimental  methods,  which  provides  us  with  the  qualitative  and  quantitative  characteristics  of 
the  defect  configuration  [1-3].  ChVS  are  characterized  by  the  presence  in  glass  matrix  of  the  specific 
oppositely  charged  diamagnetic  coordination  defects  (CD)  [4],  which  usually  cannot  be  identified 
by  the  traditional  techniques  for  the  defects  detection  (ESR,  luminescence,  etc.).  Such  defects  lead  to  the 
appearance  of  localized  electronic  states  lying  at  the  edges  or  inside  of  the  ChVS  band  gap  [5]  that 
determines  their  main  physical  properties.  The  positron  annihilation  method  was  used  for  the  investigation 
of  CD  nature  practically  in  all  of  the  known  binary  ChVS  systems  (As-S,  As-Se,  Ge-S,  Ge-Se,  Ge-Te  and 
others)  [1-3, 6, 7].  As  a  rule,  two  positron  lifetimes  were  revealed  for  these  ChVS.  The  first  component 
(short-lived)  was  normally  associated  with  the  free  positron  annihilation,  and  the  second  (long-lived)  one 
was  attributed  to  the  positron  annihilation  on  the  negatively  charged  point  defects.  At  the  same  time,  in 
some  glasses  the  third  component  (with  even  greater  lifetime)  was  observed.  The  last  was  connected  with 
positronium  formation  inside  of  glass  “free  volume”  [6].  Taking  into  account  these  results,  positron 
annihilation  studies  for  some  elemental  amorphous  materials  (such  as  Se  [1])  as  well  as  the  data  of  other 
defect-sensitive  methods  the  proper  CD  were  identified  for  almost  all  binary  ChVS.  However,  the  ternary 
ChVS  systems,  which  are  more  complicated  from  the  structural  point  of  view,  are  studied  insufficiently  in 
this  context.  The  features  of  radiation-induced  effects,  intensively  studied  in  last  years,  are  determined  by 
D''-D‘  CD  formation  processes  too  [8,9].  Fair  identification  of  these  defects  in  ChVS  before  and  after  the 
radiation  treatment  is  an  important  step  to  the  understanding  of  the  mechanism  of  induced  changes. 
However,  such  investigations  were  not  performed  up  to  now. 

In  this  connection,  the  positron  lifetime  measurements  were  performed  for  “stoichiometric” 
(As2S3)y(GeS2)i.y  and  “non-stoichiometric”  (As2S3)x(Ge2S3)i.x  ChVS  systems  before  and  after  y-irradiation. 
The  analysis  of  possible  CD  formation  processes  was  carried  out  taking  into  account  the  y-induced  optical 
changes  in  the  fundamental  absorption  edge  region. 

2.  Experimental 

The  bulk  samples  of  stoichiometric  (As2S3-GeS2)  and  non-stoichiometric  (As2S3-Ge2S3)  cross- 
sections  of  correspondent  glass  forming  region  were  prepared  by  the  melt  quenching  method  using  the 
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mixture  of  high  purity  (99,9999%)  Ge,  As  and  S  elements.  The  initial  ingredients  were  sealed  in  quartz 
ampoules  (10^  Pa)  and  heated  gradually  up  to  1200  K.  The  furnace  wasirocked  for  24  hours  to  obtain  the 
most  homogeneous  melt.  Then  the  obtained  ingots  were  quenched  on  ai|r  at  the  ambient  temperature.  All 
ampoules  were  annealed  additionally  at  the  temperature  of  20-30  K  beloW  softening  point  (Tg)  to  remove 
the  mechanical  strains.  The  amorphous  state  of  the  obtained  materials  was  controlled  by  character  conch¬ 
like  fracture,  data  of  X-ray  diffraction  study  and  IR  microscopy.  Finally,!  all  ingots  were  sliced  into  1  mm 
thick  disks  and  polished  for  precision  optical  measurements.  The  ChVS  samples  were  irradiated  by  y- 
quanta  at  the  power  of  exposure  dose  of  20  Gy/sec.  The  radiation  treatrr  ent  was  performed  in  the  normal 
conditions  of  the  stationary  radiation  field,  created  in  the  closed  cylindrical  cavity  owing  to  the 
concentrically  established  *“Co  (E=1.25  MeV)  sources.  The  accumulated  dose  of  2.82  MGy  was  chosen 
taking  into  account  previous  Investigations  of  radiation-induced  effects  in  binary  chalcogenide  glasses 
[8,9].  The  optical  absorption  coefficient  a(hv)  was  calculated  from  the  :ransmission  characteristics  T(hv) 
(as  described  elsewhere  [10])  measured  before  and  after  y-irradiation  using  two-beam  “Specord  M-40” 
spectrophotometer  (200-900  nm).  Measurements  of  positron  lifetimes  were  carried  out  using  an  ORTEC 
spectrometer  of  the  resolution  FWHM  (full  width  at  half  maximum)  =  273  ps.  ^^Na  isotope  positron  source 
with  0.74  MBq  activity  was  situated  between  two  identical  samples,  forming  a  "sandwich"  system. 

3.  Results  and  discussion 

As  it  is  known  [1 1,12]  the  exponential  character  of  the  fiindameiital  absorption  edge  (or  so-called 
Urbach  tail  of  absorption)  is  caused  by  the  stochastic  electrical  fields  of  charged  defect  centers.  As  it  was 
stated  above  in  ChVS  the  D'^-D'  CD  can  play  the  role  of  such  defects.  The  typical  absorption  spectra  a(hv) 
at  the  region  of  fundamental  absorption  edge  before  and  after  y-irradiaticn  for  the  investigated  glasses  are 
shown  in  Fig.  1 .  It  is  clearly  seen  that  after  radiation  treatment  with  2.82  MGy  dose  the  edge  shifts  towards 
the  low  energy  values  for  all  studied  ChVS.  This  shift  is  accompanied  with  the  changes  in  the  edge  slope 
and  depends  on  the  chemical  composition  of  the  sample.  According  to  [13],  the  edge  slope  is  directly 
connected  with  CD  concentration.  Thus,  we  can  conclude  that  y-irradiafion  leads  to  the  redistribution  of 
defects  in  investigated  ChVS.  It  was  assumed  previously  [10]  that  radiation  treatment  of  As-Ge-S  glassy 
system  causes  the  appearance  of  new  D^-D'  CD,  but  the  quantitative  and  qualitative  description  of  this 
process  was  not  carried  out. 


hv,eV 


Fig.  1 .  The  typical  spectral  dependence  of  absorption  coefficient  a(hv)  before  and  after  y- 
irradiation  with  2.82  MGy  dose  for  As-Ge-S  ChVS  system. 

Positron  annihilation  lifetime  measurements  show  that  before  the  y-irradiation  all  stoichiometric 
compositions  (data  for  two  of  them  with  the  maximal  content  of  AS2S3  and  GeS2  components  are  presented 
in  the  Table  1)  are  characterized  by  the  lone  mean  lifetime  of  positrons  -0.36  be  ns.  This  usually  happens, 
when  the  channels  of  comparable  intensities  and  close  lifetimes  cannot  be  resolved  by  the  computer. 
According  to  [14,15],  the  above  lifetime  value  is  formed  as  a  superposition  of  lifetimes  corresponded  to 

the  free  positron  annihilation  (-0.2  ns),  to  the  annihilation  on  dangling  lUnds  of  GCj  CD  (-0.42  ns),  of 

S;"  CD  (-0.32  ns)  and  of  Asj  CD  (-0.37  ns)  (the  upper  index  in  the  defect  signature  means  the  electrical 
charge  of  atom,  and  the  lower  one  -  the  number  of  nearest  covalent-bLnded  atoms).  Because  of  small 
concentration  of  free  carriers  in  most  of  ChVS  (-10*  cm’*  [16])  in  comparison  to  D^-D’  CD  concentration 
(-lO'^-lO'®  cm’*  [13,16]),  the  free  positron  annihilation  component  should  bring  a  small  contribution  into 

the  mean  lifetime.  Therefore,  it  can  be  concluded  that  before  the  y-irradiation  the  amounts  of  GeJ ,  S,"  and 
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As^  CD  in  stoichiometric  ChVS  are  of  the  comparable  concentration.  The  changes  in  optical  spectra  after 
the  Y-irradiation  (Fig.  1)  are  the  evidence  of  the  additional  CD  formation.  The  qualitative  analysis  of 
measured  lifetimes  shows  the  existence  of  two  lifetime  components  after  y-treatment;  short-  and  long-lived 

(xi  and  T2,  respectively).  The  first  one  (ti~0.28  ns)  seems  to  be  responsible  for  the  annihilation  on  S,”  CD. 
The  second  lifetime  (t2~0.39  ns)  is  attributed  to  the  superposition  of  the  annihilations  on  dangling  bonds  of 
GeJ  and  As^  CD.  According  to  the  ratio  of  short-  and  long-lived  components  intensities  (see  Table  1),  it 

can  be  concluded  that  in  the  case  of  As2S3-enriched  compositions  the  S,"  y-induced  CD  creation  is 

preferred.  With  the  increasing  of  GeS2  content  in  the  investigated  ChVS  the  role  of  GeJ  and  As"  CD  in 
radiation-induced  optical  effects  becomes  more  essential. 


Table  1.  Positron  lifetime  characteristics  of  the  samples  from  stoichiometric  (As2S3)y(GeS2)i.y 
ChVS  system  measured  before  and  after  y-irradiation  with  2.82  MGy  dose. 


Chemical 

composition 

Before  y-irradiation 

After  y-irradiation  (2.82  MGy) 

Experimental  values 

Mean  lifetime 

Experimental 

values 

Mean  lifetime 

AS28.6Ge9,5S6i.9 

y=0.6 

Ti  =  0.3638±0.0002 

X  =  0.363810.0002 

Ti  =  0.27710.002; 

Ii=0.6710.01 

T2=  0.38610.003; 
12=0.3310.01 

T=  0.31310.003; 

As6.25Ge28.125S65.625 

y=0.1 

Ti  =  0.364410.0004 

T  =  0.364410.0004 

Ti  =  0.28210.009; 

Ii=0.53i0.05 

12  =  0.39710.010; 
12=0.4710.05 

1  =  0.33610.010; 

The  results  of  positron  lifetimes  measurements  for  two  non-stoichiometric  ChVS  compositions  are 
presented  in  Table  2.  As-enriched  glasses  are  characterized  by  a  lone  mean  lifetime  of  positrons  (~0.34  ns) 
before  the  irradiation.  The  most  probably,  this  value  is  a  superposition  of  positron  lifetimes  connected  with 

the  annihilation  on  dangling  bonds  of  the  same  CD  (S,‘,GeJ  and  As^)  [14,15]  as  in  the  case  of 
stoichiometric  samples.  The  ChVS  with  greater  Ge  content  are  characterized  by  two  lifetimes.  The  short¬ 
lived  component  (ti~0.24  ns)  is  connected  with  superposition  of  positron  annihilation  on  the  dangling 
bonds  of  Sj  CD  and  positron  annihilation  on  the  trapping  sites  formed  by  the  open  volume  defects  such  as 
the  As,  S  or  Ge  vacancies  (-0.25  ns)  [17].  Since  Ge-enriched  samples  of  non-stoichiometric  ChVS  system 
are  characterized  by  an  excess  of  four-fold  Ge  atoms,  we  suppose  a  large  number  of  such  vacancies  to  be 
formed.  The  greater  open  volume,  associated  with  clusters  of  above  vacancies,  is  also  assumed,  but  it  can 
contribute  only  into  t2  (long-lived  component  of  positron  lifetimes)  according  to  [17].  Besides  it,  T2  ~  0.39 
ns  lifetime  component  includes  the  positron  annihilation  on  dangling  bonds  of  GeJ  and  Asj  CD  [15].  It 

should  be  noted,  that  in  the  case  of  stoichiometric  samples  the  contribution  into  measured  lifetime  from 
positron  annihilation  processes  inside  of  microvoids  (vacancies  or  their  clusters)  is  of  less  order.  The 
reason  is  that  the  stoichiometric  ChVS  compositions  predict  the  saturation  of  all  chemical  bonds  due  to 
their  main  structural  units  -  AsSsq  pyramids  and  GeS4/2  tetrahedra  and,  as  a  result,  the  more  compact 
ChVS  structure.  In  the  non-stoichiometric  glasses  (especially  those  with  high  Ge  content)  the  construction 
of  optimal  number  of  such  structural  units  is  complicated  that  favor  the  formation  of  open  volume  defects. 
Two  positron  lifetimes  were  observed  after  the  y-irradiation  of  non-stoichiometric  ChVS  samples.  The 
short-lived  component  (T|~0.27  ns)  was  connected  with  positron  annihilation  on  the  trapping  sites  of 
As,  S  or  Ge  atoms  and  with  annihilation  on  the  dangling  bonds  of  Sj"  CD.  The  long-lived  one 
(t2~0.39  ns)  was  attributed  to  the  positron  annihilation  processes  in  the  microvoids  of  a  greater 
volume  as  well  as  to  the  annihilation  on  dangling  bonds  of  GeJ  and  AsJ  CD.  Owing  to  the 
intensities  ratio  of  these  lifetime  components  in  the  investigated  non-stoichiometric  ChVS,  it  can  be 
concluded  that  the  y-radiation  produces  the  additional  number  of  D^-D'  defects  and  favors  the 
microvoids  formation. 
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Table  2.  Positi-on  lifetime  characteristics  of  the  samples  from  non-stoichiometric 
(As2S3)x(Ge2S3)i.x  ChVS  system  measured  before  and  after  y-irradiation  with  2.82  MGy  dose. 


Chemical 

composition 

Before  y-irradiation 

After  y-irradiation  (2.82  MGy) 

Experimental 

values 

Mean  lifetime 

Experimental 

values 

Mean  lifetime 

Asi(iGe24S6o 

x=0.4 

T,  =  0.3396±0.0003 

T  =  0.3396±0.0003 

x,  =  0.275±0.0]0; 

I,=0.55±0.06 

X2=  0.39210.013; 
12=0.4510.06 

x=  0.32810.013; 

AS8Ge32S60 

x=0.2 

T,  =  0.239±0.006 
I,=0.43±0.02 

T2=  0.385±0.005 
12=0.57+0.02 

X  =  0.322±0.006 

xi  =  0.24310.017; 

Ii=0.33l0.05 

X2=  0.38710.009; 
12=0.6710.05 

x=  0.33910.017; 

4.  Conclusions 


It  is  established,  that  y-in'adiation  of  all  investigated  samples  leads  to  the  low-energetic  shift  of  the 
fundamental  absorption  edge.  This  shift  is  caused  by  the  additional  D^— D  defects  formation.  In  the  case  of 
stoichiometric  (As2S3)y(GeS2)i-y  ChVS  compositions,  the  measured  positron  lifetimes  correspond  to  the 

diamagnetic  S,~,  Gej  and  As^  coordination  defects.  The  additional  essential  contribution  of  microvoids 
into  the  lifetime  characteristics  of  non-stoichiometric  (As2S3)x(Ge2S3)i.x  ChVS  system  is  assumed. 
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The  transition  form  amorphous-to-crystalline  (fee)  has  been  investigated  in  Ge2Sb2Te5  thin 
film  alloys.  This  composition  is  the  most  fi'equently  used  for  erasable  optical  memory  devices. 

The  phase  transition  was  monitored  using  in  situ  impedance  measurements  as  a  function  of 
temperature.  The  results  were  analyzed  using  the  Maxwell-Wagner  and  brick  models.  From 
the  impedance  measurements  it  is  possible  to  detect  the  appearance  of  nucleation  centers  in 
samples  heated  at  temperatures  below  crystallization.  In  samples  treated  at  temperatures  above 
crystallization,  the  increase  in  the  volume  fiaction  of  crystalline  material  due  to  the  increase  in 
the  temperature  is  also  deduced  from  the  impedance  measurements.  From  our  investigation  we 
have  shown  that  impedance  measurements  are  a  sensitive  method  to  analyze  the 
crystallization  process  in  chalcogenide  materials. 
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1.  Introduction 

Glassy  chalcogenide  semiconductors  have  been  studied  extensively  due  to  their  applications 
in  optoelectronics  and  electronics.  Some  of  these  applications  are  based  on  the  difference  in  the 
optical  and/or  electrical  properties  between  the  amorphous  and  crystalline  phase.  The  Ge:Sb:Te 
ternary  alloys  are  the  active  materials  most  frequently  used  in  phase-change  optical  memory 
technology,  specifically,  due  to  its  fast  crystallization  the  Ge2Sb2Te5  composition  has  been  used  in 
commercial  optical  devices.  Upon  annealing,  amorphous  layers  of  this  material  first  undergo  the 
amorphous-to-crystalline  (fee)  transition  at  about  165  "C  and  at  higher  temperatures  (at  about  230  “C) 
the  crystal  (fcc)-to-crystal  (hex)  transition.  The  crystallization  mechanism  in  these  alloys  has  been 
studied  by  many  techniques  such  as  optical  [1-3],  electrical  [4-6],  Raman  spectroscopy  [7,8],  coherent 
phonon  spectroscopy  [9],  X-ray  diffraction  [7,10],  transmission  and  scanning  electron  and  atomic 
force  microscopy  [2,  5,  11,  12].  In  general,  the  aim  of  these  investigations  is  to  determine  the 
activation  energy  of  the  phase  transformation,  the  microstructures  changes  in  the  material  during 
thermal  and  laser  annealing  and  the  influence  of  the  protecting  layers  on  the  crystallization  process. 
However,  to  our  knowledge  there  is  no  model  that  can  fully  explain  the  crystallization  mechanism  in 
this  material. 

The  aim  of  this  article  is  to  study  the  crystallization  process  in  amorphous  Ge2Sb2Te5  ternary 
thin  film  alloys  by  in  situ  impedance  measurements  as  a  function  of  temperature.  This  technique  is 
vary  sensitive  to  monitor  the  phase  transition,  because:  i)  the  resistance  of  the  amorphous  state  is 
several  orders  of  magnitude  higher  than  that  of  the  crystalline  state  [4,5,6],  therefore  in  the  process  of 
crystallization  a  similar  change  in  the  real  part  of  impedance  must  occur;  ii)  as  it  is  well  established  in 
the  literature  in  some  temperature  range  during  the  process  of  crystallization,  the  amorphous  and 
crystalline  phase  coexisting  and  the  impedance  measurements  have  been  widely  used  for  the 
investigation  of  the  properties  of  a  two-phase  materials  [13]  and  iii)  the  impedance  measurements 
allow  to  establish  the  correlation  between  the  microstructure  and  electrical  properties  of  the  material 
and  to  obtain  information,  such  as  parameter  of  grain  boundaries,  difficult  to  obtain  using  other 
methods. 
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2.  Eicperimental 

The  Ge2Sb2Te5  thin  films  were  prepared  by  RF  sputtering  of  the  bulk  alloy  samples  onto 
unheated  glass  substrate.  Film  with  a  thickness  ranging  from  30  nm  to  4.6  micrometers  were 
investigate.  The  samples  were  heated  using  a  300  W  resistance  cartridge  heater.  The  temperature  was 
controlled  with  a  Watlow's  Series  982,  1/8  DIN  microprocessor-based,  with  ramping  controller.  The 
temperature  controller  was  programmed  to  produce  a  constant  heating  rate  of  4  ®C/min  and  to  stops 
every  5  degree  to  make  the  impedance  measurements  in  the  frequency  range  of  40  Hz-1 10  MHz.  The 
measurement  were  done  with  the  help  of  an  Agilent  Precision  Impedance  Analyzer  model  4294A.  The 
amplitude  of  the  measurement  signal  was  500  mV.  For  the  impedance  studies  the  planar 
configuration  was  used  with  evaporated  A1  or  silver  paint  contacts  (distance  between  contact  was 
varied  in  the  range  of  0.7-2  mm).  The  impedance  measurements  were  carried  out  in  films  annealed  to 
temperatures  below  the  fcc-to-hexagonal  phase  transition.  The  conductivity  of  the  hexagonal  phase  is 
too  high  for  the  frequency  capacity  of  our  device.  The  experimental  results  were  fitted  using  the 
ZView  program  to  obtain  the  absolute  values  of  all  components  of  the  proposed  equivalent  electrical 
circuit. 

3.  Experimental  results 

The  impedance  spectra  measured  in  the  samples  analyzed  in  this  work  depend  on  the 
temperature  at  which  the  sample  is  measured.  Plots  of  the  imaginary  versus  real  part  of  the  impedance 
consist  of  one  semicircle  (not  shown)  when  the  sample  is  measured  at  temperatures  below 
approximately  100  “C  and  of  two  semicircles  in  samples  measured  at  higher  temperatures  (see  Fig.  1). 
In  the  former  case,  the  material  is  amorphous  and  the  semicircle  is  related  with  the  properties  of  the 
material.  In  some  cases,  amorphous  materials  show  impedance  spectra  with  two  semicircles,  in  which 
the  low  frequency  semicircle  describes  the  properties  of  the  electrical  contacts  [14].  >From  the 
semicircle  observed  in  the  impedance  spectra  of  samples  measured  at  temperatures  below  100  ®C  a 
value  for  the  dielectric  constant  in  the  range  of  12.8-15.6  was  calculated.  The  dielectric  constant  in 
similar  amorphous  materials  have  been  reported  before,  a  theoretical  steady-state  value  of  17.7  [15] 
and  also  a  reported  value  of  15.3  determined  using  IR  absorption  measurements  are  in  good 
agreement  with  the  experimentally  determined  in  the  present  work.  This  confirms  the  assignment 
given  to  the  observed  semicircle.  The  resistivity  obtained  from  collinear  four-probe  measurements  (at 
the  room  temperature)  differs  at  the  most  30  %  from  the  obtained  from  the  impedance  measurements 
in  the  same  material. 
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Fig.  1.  Impedance  spectra  obtained  at  temperatures  of  Fig.  2.  The  temperature  dependence 

120  ®C  and  190  “C.  The  real  and  imaginary  part  of  the  of  the  real  part  of  the  impedance, 

spectra  obtained  at  190  °C  has  increased  100  times. 

Arrows  show  the  frequency  corresponding  to  indicate  point. 

For  samples  measured  at  temperatures  above  100  °C  but  below  the  crystallization  temperature 
Tc,  which  is  160-175  "C  for  the  material  studied,  the  high  frequency  semicircle  is  attributed  to  the 
resistance  and  capacitance  of  the  amorphous  material  (spectrum  at  120  ®C  in  Fig.  1).  We  suggested 
that  the  second  semicircle  could  be  due  to  the  appearance  of  the  nucleation  centers  which  start  the 
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crystallization  of  the  amorphous  material.  This  assumption  is  based  on  our  Temperature-Modulated 
Differential  Scanning  Calorimetry  measurements  in  similar  Ge2Sb2Te5  samples  which  indicate  that  the 
glass  transition  temperature  Tg  for  this  material  is  at  about  100  ®C.  As  has  been  established  in  the  literature, 
for  many  chalcogenide  amorphous  alloys  the  nucleation  appears  at  temperatures  after  Tg  [16,17].  At 
temperatures  above  Tc  one  can  see  (spectrum  at  190  in  Fig.  1)  that  the  impedance  spectra  also  consist  of 
two  semicircles,  but  both  semicircles  move  to  higher  frequencies.  In  these  spectra,  the  value  of  capacitance 
estimate  from  the  high  frequency  semicircle  is  two-three  times  higher  than  the  value  of  the  capacitance 
measured  for  the  amorphous  material.  This  is  in  good  agreement  with  previous  results  [15]  which  report 
that  the  static  dielectric  constant  of  the  metastable  cubic  crystalline  phase  is  2.2  times  larger  than  that  of 
the  amorphous  phase.  The  value  of  the  capacitance  determined  from  low  frequency  semicircle  is  about  two 
orders  of  magnitude  larger  than  the  corresponding  to  the  high  frequency  semicircle,  so  we  suggested  that 
the  low  frequency  semicircle  is  related  with  the  properties  of  the  grain  boundaries.  The  later  is  based  in 
two  facts:  i)  our  transmission  electron  microscopy  (TEM)  measurements  in  samples  heated  to  temperatures 
in  this  range  show  that  the  films  have  a  polycrystalline  structure  [5],  and  ii)  in  general  the  grain  boundaries 
have  a  higher  capacitance  than  the  grain  interiors  [13].  Fig.  2  shows  the  temperature  dependence  of  the  real 
part  of  the  impedance  spectra,  i.  e.,  the  resistance  of  the  material  as  a  function  of  measuring  temperature. 
Qualitative  this  result  is  similar  to  the  obtained  previously  under  d.c.  [4]  or  a.c.  measurements  [5],  that  is 
why  we  do  not  discuss  this  dependence. 

From  the  above  analysis  we  can  conclude  that  the  structure  of  samples  heated  in  the  range 
between  Tg  and  temperatures  below  the  crystal-to-crystal  transition  are  formed  by  a  mixture  of  two  phases: 
at  lower  temperatures  the  mixture  consists  of  amorphous  and  crystalline  nuclei,  and  at  higher  temperatures 
the  mixture  is  grains  with  the  fee  structure  and  grains  boundaries.  The  electrical  properties  of  materials 
with  a  structure  composed  of  two  phases  can  be  described  by  an  equivalent  circuit  consisting  of  two  in 
series  RC  circuit  (this  circuit  is  shown  as  insert  in  the  Fig.  1). 


Fig.  3,  The  temperature  dependence  of  crystalline  Fig.  4.  The  temperature  dependencies 

volume  fraction.  of  grain  boundaries  volume  fraction  (solid 

line)  and  conductivity  (dot  line). 

The  electrical  properties  of  continuous  medium  containing  uniformly  distributed  spheres  of  a 
different  phase  are  well  described  by  Maxwell-Wagner  model.  It  was  shown  [18]  that  this  model  is 
equivalent  to  the  two  in  series  RC  circuit  shown  in  Fig.  1.  Using  the  Maxwell-Wagner  model  we  can 
calculate  the  change  in  the  crystalline  volume  fraction  for  temperatures  above  100®  C.  This  dependence  is 
shown  in  Fig.  3.  For  samples  heated  at  temperature  above  the  amorphous-to-crystalline  transition,  we  can 
use  the  brick  model  [13],  which  assumes  that  cubic-shaped  grains  are  separated  by  flat  grain  boundaries. 
Such  physical  model  agrees  with  the  TEM  micrographs  which  show  that  the  material  consists  of  randomly 
orientated  crystallites  [5].  Using  this  model  the  volume  fraction  and  conductivity  of  grain  boundaries  were 
calculated  and  are  shown  in  Fig.  4.  The  relatively  high  conductivity  of  the  grain  boundaries  may  be 
explained  assuming  the  appearance  of  about  20  %  of  vacancies  at  the  grain  boundaries  [10], 

4.  Discussion 

Our  results  have  shown  that  in  Ge2Sb2Te5  thin  films,  the  amorphous-to-crystalline  transformation 
occurs  after  heating  at  temperatures  higher  than  Tg.  In  the  temperature  range  between  Tg  and  Tc  the 
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nucleation  centers  appear  and  increase  as  the  heating  temperature  approaches  Tc.  At  the  initial  stages  of 
nucleation,  X-ray  diffraction  measurements  did  not  detect  any  crystalline  peaks,  diffraction  peaks 
corresponding  to  the  fee  phase  appear  when  the  volume  occupied  by  the  crystalline  material  is  of  few 
percentage,  this  suggest  that  the  nucleation  centers  have  the  cubic  phase.  The  impedance  spectra  of 
samples  treated  above  Tc  consist  of  two  semicircles  (Fig.  1).  Similar  spectra  are  found  when  the  sample  is 
cooled  down  to  room  temperature.  The  resistance  of  samples  heated  above  Tc  was  measured  at  room 
temperature  using  the  four-probe  method  and  the  results  are  close  to  those  determined  from  the  room 
temperature  impedance  spectra.  This  implies  that  these  semicircles  describe  the  microstructure  properties 
of  the  material.  According  to  previous  consideration  we  concluded  that  low  frequency  semicircle  describes 
the  electrical  properties  of  the  grain  boundaries.  However,  applying  the  brick  model  to  our  experimental 
resells,  we  have  obtained  unexpected  results:  in  Fig.  4,  the  volume  fraction  of  grain  boundaries  first 
decreases  and  than  increases  with  the  increase  in  temperature.  In  previous  studies  in  similar  samples 
annealed  above  crystallization  it  was  reported  that  TEM  observation  show  that  the  grain  size  increases  with 
the  increase  in  temperature  [2,5].  In  principle,  this  implies  that  the  volume  fraction  of  grain  boundaries 
must  decrease.  An  explanation  to  the  increase  in  the  volume  fraction  of  grain  boundaries  could  be  the 
following.  In  the  reference  [10]  have  shown  that  the  X-ray  diffraction  data  of  crystallized  Ge2Sb2Te5  films 
contain  two  phases:  one  is  the  Ge2Sb2Te5  crystalline  phase  and  another  minority  phase  of  elemental  Sb 
which  remain  in  the  amorphous  phase  at  the  grain  boundary.  According  to  this  results  [10]  we  proposed 
that  above  certain  annealing  temperature  (about  200  °C),  the  increase  of  some  atomic  segregation  to  the 
grain  boundaries  such  as  Sb  or  other  impurities  could  be  responsible  for  the  increase  in  the  volume  fraction 
of  grain  boundaries. 

5.  Conclusion 

It  has  been  shown  that  the  impedance  measurements  are  a  high  sensitive  method  by  means  of 
which  it  is  possible  to  detennine  the  structural  change  in  the  process  of  an  amorphous-to-crystalline 
transition.  In  addition,  the  impedance  study  allows  to  detect  the  presence  of  nucleation  centers  in  the  early 
stages  of  ciystallization  and  to  characterize  the  structural  parameters  after  crystallization. 
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Thin-film  samples  of  the  system  CUx(AsSei.4lo,2)i.x.  x<15  at%,  were  prepared  by  the  method  of 
thermal  evaporation  on  "cold"  substrates  in  vacuum,  using  a  specially  constructed  quartz  cell 
as  evaporation  chamber.  The  method  of  transmission  electron  microscopy  was  employed  to 
follow  the  structural  changes  taking  place  in  the  course  of  thermal  treatment  of  the  freshly 
deposited  film  samples.  It  was  found  that  the  contents  of  selenium  and  copper  in  the  starting 
glass  have  a  decisive  role  in  determining  the  structure  and  properties  of  the  material.  The 
observed  microgranular  two-phase  structures  of  thin  films  have  a  grain  size  of  the  order  of  10 
nm.  Heating  of  the  samples  to  the  softening  temperature  yields  the  structural  transformation  in 
the  films  from  the  starting  amorphous  phase  to  a  new  amorphous  phase.  Also,  the 
temperatures  were  determined  at  which  partial  crystallization  takes  place,  resulting  in  the 
separation  of  crystalline  centers  of  the  elemental  selenium. 
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1.  Introduction 

In  the  last  decades,  thin  films  of  various  compositions  have  become  the  materials  of 
significant  practical  applications.  Thus,  it  has  been  shown  that  their  excellent  characteristics  are  of 
technological  importance,  for  example  in  manufacturing  cathode  tubes  and  microelectronic  circuits. 
On  the  other  hand,  they  found  equally  important  application  in  the  industry  where  they  are  used  as  the 
elements  of  mass-products  as  transparent  coatings  on  plastics  and  textile  or  sunglasses,  for  example. 

It  has  been  shown  that  samples  of  chalcogenide  amorphous  materials  can  be  relatively  easily 
obtained  in  the  form  of  thin  films,  whereby  all  relevant  desirable  characteristics  of  these  amorphous 
systems  are  preserved.  It  should  be  especially  pointed  out  that  the  photo-induced  changes  of 
properties  in  the  chalcogenide  glasses  could  appear  even  in  the  absence  of  classical  photochrome 
components  in  their  composition  [1,2].  Most  probably,  relatively  low  energies  of  the  chemical  bonds 
in  these  structures  can  ensure  the  occurrence  of  photochemical  reactions  and  photo-structural 
transformations.  This  holds  even  for  photo-crystallization.  All  these  facts  are  of  invaluable  importance 
for  the  application  of  thin  films  of  chalcogenide  systems  as  a  medium  for  information  recording  that 
can  be  erased  by  thermal  annealing  at  a  temperature  below  the  softening  point  [3].  In  view  of  the  fact 
that  optical  recording  is  based  on  the  change  of  the  absorption  coefficient  of  electromagnetic  radiation 
and  the  coefficient  of  refraction,  primarily  as  a  consequence  of  structural  transformations  amorphous 
phase  crystal,  amorphous  amorphous  or,  possibly,  because  of  the  change  of  magnetic 
polarizability,  one  of  the  primary  tasks  is  to  resolve  the  question  of  the  mechanism  of  information 
recording  and  erasing.  In  this  work  we  present  the  results  obtained  in  a  study  of  the  effect  of 
temperature  on  the  structural  properties  of  thin  films  from  the  system  Cu-As-Se-I. 


2.  Experimental 

Thin-film  samples  of  the  Cux(AsSei  .4lo.2)i.x  system  were  obtained  by  thermal  evaporation  and 
condensation  in  vacuum  of  the  priorily  synthesized  glass  of  the  given  composition.  Because  of  the 


complex  composition  of  the  starting  glass  use  was  made  of  a  special  quartz  cell  as  the  evaporation 
chamber  allowing  the  discrete  evaporation  at  optimal  temperatures  [4].  The  glass  was  synthesized  by 
the  previously  described  procedure  of  cascade  heating  and  annealing  in  air  [5].  The  films  were 
deposited  on  the  glass  plates  of  the  known  refraction  index,  kept  at  room  temperature.  The  film 
thickness  in  the  process  of  vapour-deposition  was  controlled  by  optical  method  based  on  the 
interference  of  the  reflected  laser  beam  and  it  was  1 .08,  1.22  and  0.77  mm  for  the  samples  with  0,  5 
and  15  at.%,  respectively,  which  enabled  investigation  of  the  films  by  the  method  of  transmission 
electron  microscopy  (TEM)  [6].  The  film  structure  was  investigated  using  an  electronic  microscope 
EMV-IOOB  additionally  equipped  with  a  camera  for  electron  diffraction  of  the  type  EMR-100.  The 
character  of  the  structural  transformations  taking  place  in  the  films  with  inerease  in  temperature  were 
studied  by  monitoring  the  changes  resulting  from  the  heating  of  the  freshly-prepared  samples  from 
room  temperature  to  200  °C  at  a  rate  of  0.5  °/s. 


3.  Results  and  discussion 

Mass  spectrometry  was  used  to  control  the  relative  composition  of  the  vapour  in  the  process 
of  thin-film  preparation.  It  was  found  that  the  mass  spectra  are  characterized  by  those  structural  units 
that  enter  the  composition  of  the  corresponding  glass.  In  Figs.  I.a-l.c  are  presented  the  TEM 
photographs  of  freshly  prepared  films  of  the  investigated  chalcogenide  system.  The  photographs 
(magnification  40,000)  were  taken  for  a  sample  containing  no  copper  and  the  samples  with  5  and  15 
at.%  Cu.  Figs.  2a-2c  illustrate  the  ehanges  caused  by  thermal  treatment  of  the  same  samples. 

In  the  same  figures  are  shown  the  photographs  of  electronic  diffraction  patterns  taken  for  each 
of  the  observed  situations.  As  can  be  seen,  electronic  microscopy  showed  that  freshly  deposited  films 
of  the  ternaiy  glass  AsSei  .4lo.2  has  a  microgranular  structure,  whereby  the  grain  size  is  of  the  order  of 
magnitude  of  10  nm.  Over  the  whole  film  surface  there  are  randomly  distributed  irregular  amorphous 

forms  of  Se  (Fig.  la).  i  i  • 

In  the  course  of  heating  to  the  softening  temperature,  some  structural  changes  take  place  in 

the  film  from  the  starting  amorphous  phase  to  a  new,  also  amorphous  phase  (in  the  figure  designated 
as  AO  -»  Al).  At  about  105  °C  crystallization  of  Se  on  the  film  surface  takes  place  (this  is  confirmed 
by  the  ciystalline  forms  present  on  the  sites  of  the  amorphous  ones),  as  well  as  in  the  film  itself,  which 
is  visible  as  dark  grains  over  the  whole  picture  (Fig.  2a).  Further  increase  in  temperature  (to  the 
softening  point)  yielded  no  significant  changes  in  the  film  structure. 

The  freshly  deposited  films  of  the  composition  Cu5(AsSe  1,410  2)95  have  a  structure  very  similar 
to  that  obtained  for  the  temaiy  samples  (Fig.  lb).  It  is  also  possible  to  obseiwe  the  structural  change 
AO  Al ,  whereby  the  amorphous  character  has  been  preserved.  At  a  somewhat  different  temperature 
(Tt  ~  110  °C)  Se  crystallization  in  the  film  takes  place,  but  the  dominant  character  of  crystallization 
differs  from  the  corresponding  process  observed  with  the  sample  containing  no  copper.  Namely,  in 
this  case,  the  process  of  Se  separation  and  crystallization  is  dominant  in  the  whole  thin-film  volume, 
which  confirms  the  formation  of  a  more  distinct  grainy  structure  and  uniform  increase  in  the  size  of 
dark  spots  over  the  whole  picture  (Fig.  2b). 

The  film  Cui5(AsSei,4lo,2)85  is  essentially  different,  still  in  the  initial  phase.  Namely,  tlie 
microgranular  structure  is  more  clearly  formed  in  which  there  is  no  Se  on  the  surface  (Fig.  Ic). 
Analogously  to  the  other  samples,  the  transition  AO  ->  Al  (motion  of  the  dark  front  in  the  microscope 
field  of  vision)  is  observed,  and  the  heating  (Tt  ~  125  °C)  yields  crystallization  of  selenium,  which  is 
evident  from  the  forms  characteristic  of  its  crystalline  state  (Fig.  2c). 


Fig.  1.  TEM  micrograph  and  x>ray 
diffractogram  of  as-evaporated  thin  films: 
a  —  AsScj  4I0.2J 
b  -  Cu5(AsSe}  410.2)955 

C  ■“  CU]5(AsSei.4lo.2)85- 


Fig.  2.  TEM  micrograph  and  x-ray 
diffractogram  of  thermally  annealed  films: 

a- AsSe],4lo.2; 

b  -  Cu5(AsSei  410.2)95  J 

C-CUi5(AsSei.4lo.2)85. 


The  identification  of  two  diflferent  amorphous  phases,  that  is  the  corroboration  of  their 
existence,  is  of  special  importance  for  the  interpretation  of  photorecording  phenomena.  It  is  important 
to  point  out  that  the  values  of  transformation  temperatures  are  in  excellent  agreement  with  the 
softening  temperature  of  the  non-crystalline  material  of  the  corresponding  composition  vapour- 
deposited  on  a  cold  substrate,  determined  by  other  experimental  methods  [7,8]. 


4.  Conclusions 

The  detected  changes  give  the  ground  to  the  conclusion  that  the  structure  and  properties  of  the 
films  of  the  Cu-As-Se-I  system  are  mainly  determined  by  the  contents  of  Se  and  Cu  in  the  starting 
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glass.  It  is  obvious  that  lower  contents  of  Se  in  the  sample  yield  also  lower  population  of  individual 
centres  on  the  film  surface,  and  thus  result  in  a  more  homogeneous  film.  This  causes  the  difference  in 
the  mode  of  Se  crystallization  in  the  samples  of  different  compositions.  On  the  other  hand,  the 
increase  in  Cu  content  in  the  starting  glass  obviously  yields  to  the  increase  in  the  population  of  the 
centres  that  induce  structural  transformations  and  crystallization  (the  temperature  of  Se  crystallization 
decreases  with  increase  in  Cu  content  of  the  sample). 
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Low  impurity  content  is  the  essential  requirement  to  many  applications  of  vitreous  arsenic 
chalcogenides  as  a  material  for  optoelectronics.  Investigations  carried  out  in  last  ten  years  in¬ 
creased  the  knowledge  volume  about  the  nature  and  origin  of  impurities  in  chalcogenide 
glasses,  their  effect  on  glass  properties,  especially  on  the  transmittance  in  middle  IR  region 
and  on  radiation  strength.  These  properties  are  most  sensitive  to  impurity  presence.  The  mini¬ 
mum  calculated  content  of  impurities,  leading  to  observation  of  impurity  contribution  to  the 
property  value,  is  0.1  -  100  ppb  at.  for  different  impurity  groups.  The  effective  methods  of 
preparations  and  analysis  of  high  -  purity  glasses  are  developed.  The  best  glass  samples  con¬ 
tain  the  impurities  of  widespread  metals  and  silicon  on  the  level  of  0.1  ppm  wt.,  optically  ac¬ 
tive  hydrogen  -  0.2  -0.05  ppm  at.,  oxygen  and  carbon  -  0.5  -  1  ppm  wt.,  submicron  size  het- 
erogeneousjnclusions  - 10''  -  5*10*  cm'^.  Impurity  content  in  the  glasses  of  ordinary  quality  is 
10-100  times  higher.  The  presence  of  impurities  should  be  taken  into  account  while  investi¬ 
gating  both  well-known  and  developed  properties  and  applications  of  glasses. 
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1.  Introduction 

The  vitreous  arsenic  chalcogenides  are  effective  optical  materials.  They  have  different  attrac¬ 
tive  properties  such  as  a  wide  transparency  region,  low  optical  losses  in  the  2-12  pm  interval,  stability 
to  the  atmospheric  moisture  etc. 

Transparency  region  of  glasses  measured  at  the  absorption  coefficient  level  of  1  cm''  is  0.62- 
1 1.5  pm  for  AS2S3 ;  0.85-1.75  pm  for  AsaSea  and  0.75-12.25  pm  for  AsaSi  sSe^s.  The  minimum  opti¬ 
cal  losses  in  AS2S3  and  As2Se3  are  evaluated  as  (6-7)*  10'^  dB/km  between  4  and  6  pm.  For  this  reason 
vitreous  arsenic  chalcogenides  are  applicable  for  the  manufacture  of  optical  fibers.  There  are  other 
fields  of  arsenic  chalcogenides  application  both  traditional  and  newly  developed.  Because  of  stable 
scientific  and  applied  interest  to  these  glasses  the  problem  of  their  purity  is  very  actual.  The  possible 
effect  of  impurity  presence  on  the  glass  properties,  which  is  of  especially  delicate  nature,  is  relatively 
not  often  taken  into  account. 

In  the  present  paper  the  modem  level  of  purity  for  the  vitreous  arsenic  chalcogenides  and  im¬ 
purity  effect  on  glass  properties  are  considered. 

2.  Preparation  of  vitreous  arsenic  chalcogenides 

Bulk  samples  of  vitreous  arsenic  chalcogenides  of  optical  grade  are  produced  by  solidification 
of  the  glass  forming  melt.  The  initial  charge  with  definite  composition  is  melted  in  evacuated  sealed 
ampoules  made  of  quartz  glass  at  the  time-temperatures  modes,  which  exclude  the  crystallization,  li¬ 
quation  and  stria  formation.  These  conditions  are  individual  for  different  glass  systems  and  deter¬ 
mined  additionally  by  mass  of  the  charge  melted.  For  example  the  values  of  critical  cooling  rate  for 
the  vitreous  AS2S3,  As2Se3  and  As2Te3  approximately  differ  by  three  orders  of  magnitude  and  equal  to 
2.4*10'*;  9*10'^  and  28  K/s,  respectively  [1].  It  was  reflected  at  the  choice  of  conditions  for  synthesis 
and  treatment  of  these  glasses. 
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Different  variants  for  the  preparation  of  initial  charge  for  the  glass  forming  chalcogenide 
synthesis  are  possible  [2]:  from  chemical  elements  (the  traditional  method);  through  the  decomposi¬ 
tion  of  volatile  inorganic  hydrides;  through  the  arsenic  monosulfide  as  an  arsenic-containing  compo¬ 
nent  of  charge. 

The  layers  of  arsenic  selenide  may  be  prepared  by  plasmochemical  decomposition  of  arsine 
and  selenium  hydride  [3].  The  prepared  glass  contains  a  noticeable  quantity  (several  atomic  percent) 
of  hydrogen.  It  is  a  serious  obstacle  during  heat  treatment  of  glass  while  manufacturing  it  into  fiber 
due  to  blowing  up  of  the  melt  by  hydrogen  bubbles  evolved.  It  is  serious  obstacle  at  the  heat  treat¬ 
ment  of  glass  into  fiber  because  of  melt  distending  by  hydrogen  bubbles  evolved.  Nevertheless  this 
method  may  be  perspective  for  the  thin  films  preparation  of  arsenic  selenide.  The  dependence  of  the 
content  of  arsenic  and  selenium  of  different  valence  states  in  the  layers,  prepared  at  the  experimental 
conditions  was  established  for  this  process  [4]. 

3.  The  nature  and  origin  of  impurities 

The  elemental  composition,  aggregation  and  chemical  forms  of  impurity  presence  in  vitreous 
arsenic  chalcogenides  depend  on  their  macrocomposition,  and  on  conditions  of  their  synthesis.  The 
preparation  method  and  purity  degree  of  initial  substances  (arsenic,  chalcogens)  are  of  importance.  A 
few  impurity  groups  may  be  isolated  at  the  classification  in  accordance  with  element  nature  and  the 
form  of  impurity  presence  in  the  glass  (table  1 ). 


Table  1 .  Impurity  groups  in  vitreous  arsenic  chalcogenides. 


Principle  of 
classification 

Impurity  group 

Impurity  in  the  group 

Typical  impurity 
content,  ppm.at. 

By  elements 

Light  elements  (gas-forming 
impurities) 

Hydrogen,  oxygen,  car¬ 
bon,  nitrogen 

10-100 

Metals 

Transition  and  other 
metals,  silicon 

0.1 -1.0 

Analogues  of  elements- 
macrocomponents 

Phosphorus,  antimony, 
sulfur,  selenium 

1-100 

By  the  form  of 
presence 

Embedded  in  the  glass  net¬ 
work 

Hydrogen,  oxygen,  ni¬ 
trogen,  halogens,  (OH, 
SH,SeH,NH,  AsH- 
groups) 

0.001  -  10 

Dissolved  compounds 

CO2,  COS,  H2O,  N2 

0.01  -  10 

Heterogeneous  inclusions 

Carbon,  silicon  dioxide 

lO^-lO’cm'^ 

There  are  three  basic  sources  of  impurities  in  chalcogenide  glasses.  First  of  them  is  the  initial 
substances  used  for  the  glass-forming  compound  synthesis.  Arsenic,  chalcogens  as  pure  materials 
were  developed  for  the  semiconductor  application.  Electrically  active  impurities,  e.g.  metallic  impuri¬ 
ties,  were  the  main  object  of  attention  in  the  first  line.  For  this  reason  commercial  samples  of  As,  S, 
Se,  Te  contain  of  0.1-0.01  ppm.wt  of  metallic  impurities  and  more  high  (1-10  ppm.wt)  content  of  hy¬ 
drogen,  oxygen,  carbon  and  silicon. 

The  second  source  of  impurities  is  the  material  of  container  used  for  the  synthesis  of  glass¬ 
forming  compounds.  Impurities  having  high  value  of  diffusion  coefficient,  especially  hydrogen,  enter 
the  chalcogenide  melt.  It  was  established  [5]  that  hydrogen  from  quartz  glass,  containing  100  ppm  of 
hydrogen,  enters  the  melt  of  chalcogenide  glass  starting  from  650  “C.  The  dependence  of  hydrogen 
entry  rate,  u  (g  em'^s  '),  on  temperature  is  described  by  the  expression 
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lnu=-ll,2-(15300/T) 


(1) 


(873  K<T^  1023  K) 

Chemical  interaction  of  chalcogenides  and  some  impurities  (CS2,  Te02)  with  the  quartz  glass 
at  high  temperature  leads  to  the  thin  layers  formation  of  new  compounds  on  the  inner  surface  of  con¬ 
tainer  and  to  the  appearance  of  heterogeneous  inclusions  in  chalcogenide  melt. 

The  third  source  of  impurities  is  the  surrounding  atmosphere  and  residual  gas  of  vacuum  used 
at  the  glass  synthesis  and  glass  treatment  procedures. 

Arsenic  and  chalcogens  have  tendency  to  oxidation  at  elevated  temperature.  As  it  follows 
from  thermodynamic  evaluation  and  from  mass-spectrometric  investigations  of  oxide  vapors,  the 
equilibrium  partial  pressure  of  oxygen  at  dissociation  of  arsenic,  selenium  and  tellurium  oxides  at 
~1000  K  is  at  the  level  of  10’“'  -  10‘*Pa  (10'®  -10'*  mm  of  Hg).  This  value  will  be  lower  at  temperature 
decrease.  For  this  reason  the  oxidation  of  chalcogens  and  arsenic  in  the  open  vacuum  system  will  be 
excluded  at  the  vacuum  better  then  lO  "*  -10'*  Pa. 

Impurities  in  vitreous  arsenic  chalcogenide  are  present  in  different  forms  (Table  1).  Atoms  of 
impurity  elements  may  be  embedded  in  glass  networks  as  non-bridging  and  bridging  atoms.  The  sta¬ 
ble  impurity  compounds  (CO2,  CS2,  COS,  N2  etc.)  are  present  in  dissolved  state  in  the  form  of  instant 
solution.  Both  these  forms  are  well  known.  Heterogeneous  inclusions  are  the  less  studied  impurity 
form.  They  consist  of  substances  which  are  hardly  soluble  in  the  melts  of  chalcogenides.  The  particle 
size  depends  on  the  glass  sample  origin  and  is  distributed  between  0.05  and  several  microns  (see 
Fig.l).  Inclusions  in  arsenic  chalcogenide  consist  of  carbon  and  silicon  dioxide.  Impurities  in  this 
form  enter  the  glasses  from  initial  substances  and  are  also  formed  by  interaction  of  chalcogen,  arsenic, 
chalcogenides  with  the  apparatus  material  [6,7]. 


Concentralion  of  particles,  x  10^  cm'^ 


Fig.  1.  Histograms  of  the  distribution  of  impurity  particles  in  glasses:  1-  AS2S3;  2  -  As2Se3; 

3-  As2Sei.5Tei. 

Some  impurities  may  present  in  the  glasses  in  several  forms.  Carbon  compounds  (oxides,  sul¬ 
fide  and  oxysulfide)  are  dissolved  in  the  glass.  Elementary  carbon  has  low  solubility  in  arsenic  chal¬ 
cogenide  melts  and  is  present  as  heterogeneous  inclusions. 

The  oxygen  in  arsenic  selenide  present  as  a  cage  molecule  AS4O6  and  as  a  polymer  formed  by 
structural  units  ASO3/2.  In  the  As2Se3  melt  monomeric  and  polymeric  forms  are  in  equilibrium,  that  is 
frozen  at  the  cooling  melt.  Taking  into  account  the  peculiarities  of  mutual  solubility  of  polymers  it 
will  be  reasonable  to  assume  the  presence  of  polymeric  arsenic  oxide  in  the  form  of  inclusions.  At  the 
melt  solidification  polymeric  arsenic  oxide  may  crystallize.  The  evidence  to  this  follows  from  obser¬ 
vation  of  absorption  bands  characteristic  of  the  transmission  spectra  of  individual  arsenic  oxide  in  the 
form  of  glass,  claudetite  and  AS4O6  molecules  in  the  transmission  spectra  of  oxygen  containing  As2Se3 
[8-10]. 
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4.  Impurity  effect  on  optical  properties  of  glasses 

In  general  case  the  property  of  solid  material  of  a  given  macrocomposition  depends  on  the 
content  of  impurities  and  structural  defects.  Property  value  may  be  presented  as  the  sum 

P=Po+Pi+Pd+Pii+Pd<i+Pid,  ^2) 

where  Pq  is  the  value  for  the  impurity  and  defect  free  hypothetical  substance,  Pj  and  Pd  -  increments 
caused  by  impurities  and  defects,  respectively,  Pij,  Pdd  -  increments  caused  only  by  mutual  interaction 
of  impurities  and  defects,  P^-  increment  caused  by  the  interaction  of  impurities  and  defects. 

Po  is  calculated  usually  on  the  base  of  model  conception.  For  example,  the^  calculated  theo¬ 
retical  value  of  the  minimum  optical  losses  in  AsjSj  and  AssSea  are  equal  to  (6-7)  10  dB/km  between 
4  and  6  pm  [1 1].  The  impurities,  embedded  into  the  glass  network  or  the  dissolved  impurities,  mani¬ 
fest  themselves  in  the  spectra  of  the  total  optical  loss  of  optical  fibers  as  the  bands  of  selective  ab¬ 
sorption.  Position  of  the  absorption  band  is  determined  by  the  nature  of  impurity.  Table  2  gives  the 
positions  of  the  maxima  of  impurity  absorption  bands  in  vitreous  arsenic  sulfide  and  arsenic  selenide. 


Table  2.  The  maxima  of  absorption  bands  for  the  main  impurities  in  As-S  and  As-Se  glasses  [12]. 


Compound  or  functional  group  leading  to 
absorption 

Position  of  the  maximum  of  the 
absorption  band,  pm 

OH' 

2.92 

S-H 

4.01;  3.65;  3.11;  2.05 

Se-H 

7.8;  4.57;  4.12;  3.53;  2.32 

Ge-H 

4.95 

As-H 

5.02 

P-H 

4.35 

H2O 

6.31;  2.86;  2.79 

Ge-O 

12.8;  7.9 

P-0 

8.3 

CO2 

4.33;  4.31;  15.0 

COS 

4.95 

CSe2 

7.8 

CS2 

6.68;  4.65 

Arsenic  oxides  (different  forms) 

15.4;  12.7;  9.5;  8.9;  7.9;  7.5 

Se-0 

10.67;  11.06 

Si-0 

9. 1-9.6 

Non-identified  bands  supposedly  due  to  car¬ 
bon  presence 

4.65;  5.17;  5.56;  6.0 

It  follows  from  Table  2  that  a  considerable  number  of  impurity  absorption  bands  are  present 
in  the  transparency  range.  The  extinction  coefficient  is  a  quantitative  measure  for  estimation  of  impu- 
rity  effect  on  the  optical  loss  in  glasses.  The  values  for  the  extinction  coefficient  are  known  only  for 

the  limited  number  of  impurities  in  chalcogenide  glasses  (Table  3).  .  .  • 

Fig  2  gives  the  spectral  dependence  of  the  extinction  coefficient  of  SeH-group,  AS2O3  and  of  sulfur  in 
AsJsej  It  follows  from  the  Tables  2,  3  and  from  Fig.2  that  the  impurity  effect  of  hydrogen-containing 
substances  is  mostly  pronounced  at  2.5-6.5  pm  spectral  range,  and  of  the  oxygen  impurity  m  the 
longer  wave  range  (7  -  14  pm).  The  effect  of  sulfur  impurity,  embedded  in  the  network  of  selenide 
and  selenide-telluride  glass,  is  substantially  weaker  than  in  the  form  of  SH-groups.  In  view  of  experi- 
mental  values  of  the  extinction  coefficient  for  SH,  the  SeH-group,  CO2,  COS,  CS2  and  AS2O3  the 
content  of  these  impurities  in  glasses  with  optical  losses  at  the  level  of  the  intrinsic  values  should  not 
exceed  0.1  —  10  ppb  (see  Table  3). 


High-purity  glasses  based  on  arsenic  chalcogenides 


345 


Table  3.  The  values  of  extinction  coefficients  for  the  impurities  in  chalcogenide  glasses. 


Impurity 
compound  or 
functional 
group 

Glass 

The  maximum 
of  absorption 
band,  pm 

Extinction 

coefficient, 

dB/km/ppm* 

Calculated  content  of 
impurity  leading  to  the  opti¬ 
cal  loss  equal  to  the  intrinsic 
one,  ppb* 

SH 

AS2S3 

4.0 

2500 

0.3 

SeH 

As2Se3 

4.5 

1000 

0.1 

CO2 

AS2S3 

4.33 

15625 

0.05 

COS 

4.95 

10* 

0.008 

CS2 

n 

6.68 

477400 

0.2 

AS2O3 

As2Se3 

12.65 

43560 

100 

9.5 

1030 

400 

Se-0 

rr 

10.6 

380 

2000 

S 

tr 

10.6 

0.52 

10* 

S 

AS2S61  5X6]  5 

14.5 

32 

10^ 

I*  -  the  intrinsic  loss  of  glass  is  estimated  accounting  for  "the  weak  absorption  tail"  [14] 


Fig.  2.  Spectral  dependence  of  the  extinction  coefficient  of  SeH  groups  (1)  [12],  oxygen  (2) 

[13]  and  sulfur  (3)  [14]  in  As2Se3  glass. 

The  presence  of  impurities  in  the  form  of  heterophase  inclusions  of  submicron  size  leads  to 
additional  optical  loss  due  to  absorption  and  scattering  which  effect  depends  on  the  content  of  parti¬ 
cles  and  on  their  distribution  by  size.  Mechanical  strength  and  especially  damage  threshold  of  optical 
fibers  are  also  sensitive  to  presence  of  impurities  in  the  form  of  heterophase  inclusions.  The  energy 
threshold  of  the  volume  damage  of  AS2S3  glass  increases  by  two  orders  of  magnitude  under  the  effect 
of  YAG-Er-laser  pulse  radiation  with  lowering  of  the  content  of  submicron-size  particles  in  glass 
from  10*  to  10''  cm'^  (see  Fig.3).  The  AS2S3  glass  samples  with  the  particle  content  lower  than  the  de¬ 
tection  limit  were  not  damaged  by  the  pulses  with  energy  more  than  1  J  [15]. 

The  glass  designated  for  power  optics  applications,  in  the  ideal  case  should  not  contain  any 
particle  in  the  volume  illuminated  by  intense  radiation  flux.  The  value  of  10^  -  10'*  cm'^  may  be  ac¬ 
cepted  as  the  upper  limit  of  particle  content  at  present  time. 
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Fig.  3.  The  dependence  of  YAG-Er-laser  damage  threshold  upon  the  content  of 

submicron  particles  in  As-S  glass.  N  -  particle  content,  cm'^,  Ei,„p  -  pulse  energy,  mJ. 

5.  Preparation  of  high  purity  glasses  based  on  arsenic  chalcogenides 

At  the  present  time  there  are  two  efficient  ways  for  the  preparation  of  arsenic  chalcogenide 
melts  with  low  content  of  impurities,  solidification  of  which  gives  the  homogeneous  high-purity 
glasses.  First  of  them  is  synthesis  of  glass  forming  compounds  or  their  mixture  by  vacuum  melting  of 
the  charge  prepared  by  the  above-mentioned  methods.  This  variant  can  be  used  while  manufacturing 
all  chalcogenide  glasses. 

The  existing  problems  are  connected  with  a  rather  high  (up  to  tens  ppm)  content  of  the  impu¬ 
rities  of  oxygen,  carbon  and  hydrogen  in  the  commercial  samples  of  specially  pure  chalcogens  and 
arsenic.  Selenium,  tellurium  and  arsenic  can  oxidize  at  the  contact  with  environment  even  at  room 
temperature.  That  is  why  the  starting  high-purity  substances  are  loaded  into  the  container  for  glass 
synthesis  by  evaporation  under  oil-free  vacuum. 

Ultrapurification  of  arsenic  and  selenium  from  submicron  particles,  consisting  mainly  of  car¬ 
bon,  by  the  method  of  vacuum  sublimation  or  distillation  is  of  low  efficiency  at  the  acceptable  evapo¬ 
ration  rates  [16].  Arsenic  monosulfide  AS4S4  was  used  as  an  arsenic-containing  component  of  the 
charge  to  manufacture  the  glasses  with  the  ratio  of  As/S  equal  to  1/1  and  less.  This  compound  is  more 
suitable  for  the  ultrapurification  from  submicron  particles  because  of  low  viscosity  of  melts.  Two-  and 
three-component  glasses  were  manufactured  by  melting  the  purified  arsenic  monosulfide  with  the  re¬ 
quired  amount  of  chalcogens,  e.g. 

AS4S4  +  S2  2  AS2S3  (3) 

AS4S4  +  Se2  A  As2S2Se  (4) 

The  second  way  includes  the  purification  of  glass-forming  arsenic  compounds  of  technical 
quality  by  chemical  and  distillation  methods,  melting  of  some  distillate  fractions  up  to  homogeneous 
State  achievement  and  melt  solidification.  Vacuum  distillation  in  an  open  and  closed  system  allows  a 
3-10  times  decrease  of  the  content  of  impurities  of  highly  volatile  substances  and  of  submicron  parti¬ 
cles  [17].  Particles  behave  themselves  as  hardly  volatile  impurities,  and  their  content  is  increased  in 
the  lost  fraction  of  a  distillate.  The  purification  efficiency  is  very  sensitive  to  the  evaporation  rate  and 
to  the  melt  viscosity.  Depending  on  the  type  of  distillate  fraction  taken  for  the  subsequent  treatment  it 
is  possible  to  prepare  the  glasses  with  different  content  of  different  impurities.  The  glass  from  the  first 
distillate  fraction  is  enriched  by  hydrogen  and  oxygen  compounds,  from  the  lost  one  -  by  heterogene¬ 
ous  particles.  To  remove  some  impurities  (carbon,  oxygen)  the  preliminary  chemical  treatment  of  ar¬ 
senic  chalcogenide  may  be  used.  To  remove  the  oxygen,  chemically  bound  with  glass  macrocompo- 
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nents,  a  small  amount  of  magnesium  (aluminum,  rare-earth  elements)  was  added  to  the  melt  of  the 
compound  being  purified  which  binds  oxygen  into  magnesium  oxide.  After  heating  at  700-800®C  the 
melt  was  subjected  to  vacuum  distillation.  To  reduce  the  carbon  content  similar  procedures  with  addi¬ 
tion  of  small  amounts  of  arsenic  and  selenium  oxides  may  be  applied.  A  special  feature  of  the  process 
is  the  difference  in  macrocomposition  of  the  distillate  and  of  the  initial  chalcogenide  melt.  Arsenic 
chalcogenide  evaporate  with  dissociation  and  it  leads  to  separation  of  vapour  components  at  their 
condensation.  In  Fig.4  the  average  distillate  composition  is  given  as  function  of  the  part  of  evaporated 
loading  at  the  AS2S3  vacuum  distillation  in  the  closed  system.  It  is  seen  that  AS2S3  distillate  is  enriched 
with  arsenic  during  vacuum  distillation.  This  phenomenon  should  be  taken  into  account  at  the  prepa¬ 
ration  of  arsenic  chalcogenide  layers  by  condensation  of  their  vapour. 


As,  at.% 


Fig.  4.  Average  distillate  composition  as  a  function  of  evaporated  substance  at  vacuum 

distillation  of  AS2S3  (1)  and  AS4S4  (2). 

A  practically  important  question  is  the  stable  reproducibility  of  the  glass  properties  from  one 
sample  to  another  one.  The  background  for  the  variation  of  the  glasses  properties  from  synthesis  to 
s)mthesis  is  a  high  sensitivity  of  the  glass  properties  to  impurities. 

An  absolute  and  relative  content  of  impurity  compounds  and  groups  in  the  glasses  can  change  because 
of  variations  in  the  impurity  content  in  the  initial  substances  and  difference  in  conditions  of  the  glass 
synthesis  and  melt  solidification  (vacuum  quality,  time-temperature  modes).  The  relative  content  of 
the  glass  network  defects,  such  as  "chalcogen-chalcogen"  and  "arsenic-arsenic"  bonds  is  also  affected 
by  the  variations  of  the  conditions.  For  example,  the  presence  of  sulfur  at  the  level  of  several  at.%  in 
selenide  glass  will  not  noticeably  effect  its  transparence  in  the  7-11  pm  wavelength  region.  But  the 
impurity  hydrogen  will  change  its  chemical  form.  The  main  part  of  hydrogen  will  be  bounded  with 
sulfur  atoms  because  of  the  higher  strength  of  the  S-H  bond  as  compared  to  that  of  the  SeH  bond.  The 
intensity  of  SeH  band  will  reduce  considerably  but  the  intensity  of  SH  band  will  increase.  Fig.  5  shows 
the  spectra  of  absorption  in  the  range  from  3000  to  1500  cm‘^  for  As2Se3  (1),  AS2S3  (2)  and 
(As2Se3)o.95(As2S3)o.o5(3)  prepared  from  glasses  1  and  2.  [18]. 

Thus,  for  the  preparation  of  vitreous  arsenic  chalcogenide  with  the  reproducible  optical  prop¬ 
erties  a  strict  identity  of  the  impurity  content  in  the  initial  substances  as  well  as  of  the  glass  prepara¬ 
tion  conditions  should  be  provided. 

In  Table  4  the  content  of  impurities  in  the  arsenic  chalcogenide  glasses  is  given.  It  is  seen  that 
the  content  of  wide-spreaded  metals  and  silicon  is  of  0. 1-1.0  ppm  wt.  The  content  of  oxygen  and  car¬ 
bon  determined  by  reaction  gas-chromatography  method  and  by  activation  method  for  the  best  glass 
samples  is  equal  to  0.2-0.6  ppm  at.  Hydrogen  content  in  the  form  of  SH,  SeH  and  OH  groups  deter¬ 
mined  by  IR-spectroscopy  of  bulk  samples  and  fibers  is  equal  to  0.02-0.2  ppm  at.  The  content  of  par¬ 
ticles  with  diameter  of  0.1  pm  and  lower  is  less  then  MO"*  cm'^  for  AS2S3  glass  as  a  result  of  addi- 
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tional  efforts  directed  on  particles  removing  [19].  In  As-Se  and  As-Se-Te  glasses  the  particle  content 
is  equal  to  110^  -  510^  cm  \  The  level  of  transparency  in  the  middle  IR-region  corresponding  to  the 
achieved  purity  degree  of  arsenic  chalcogenide  glasses  is  given  in  Table  5.  It  is  obvious  that  the  dif¬ 
ference  between  predicted  and  real  optical  losses  is  of  two  orders  of  magnitude. 


a  cm'^ 


Fig.  5.  A  hydrogen  transfer  from  Se  to  S  in  the  mixed  As2S3-As2Se3  glasses.  1, 2  ,3  -  absorp¬ 
tion  spectra  of  As2Se3,  AS2S3  and  (As2Se3)o,95(As2S3)o,o5  glasses,  respectively. 


Table  4.  Impurity  content  in  the  prepared  arsenic  chalcogenides. 


Impurity 

Method  of  determination 

Impurity  content,  in: 

AS2S3 

AS2S1. 5801.5 

As2Se3 

Hydrogen  in  the 
form  of  SeH-  and 
SH-groups 

Spectroscopy  of  a  fiber 

0.05  ppm  at. 

1  ppm  at. 

0.5  ppm  at. 

Carbon 

Radioactivation  and  Gas- 
Chromatographic 

<  0.2  ppm  wt. 

6  ppm  wt. 

Oxygen 

Radio-activation  analysis 

1  ppm  wt. 

0.9  ppm  wt. 

Submicron  size 
particles  0.06-0.2 
um 

Laser  ultramicroscopy 

^210“  cm'^ 

no’cm'^ 

210^  cm’" 

Al,  Fe,Ni,  Cr,Mg 
Mn,  Ni 

Emission  spectroscopy 

1-100  ppb  wt. 

<0.2-2  ppm  wt 

1-100  ppb  wt. 

Table  5.  Optical  transparence  of  the  best  samples  of  vitreous  arsenic  chalcogenides. 


Glass 

Minimum  optical 
losses 

At  laser  wavelength,  dB/km 

3,  dB/km 

X,  um 

2.08  (tm 

2.9  urn 

3.7  urn 

5.6  um 

10.6  tim 

AS2S3 

23 

2.4 

400 

160 

140 

230 

- 

AS2S  1, 5861,5 

190 

4.8 

1000 

3800 

400 

200 

“ 

As2Se3 

As2Sei  5Tei  5 

78 

4.2 

160 

160 

80 

85 

1000 

650 

3500 
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6.  Conclusions 

The  accordance  with  theoretical  evaluation  of  the  impurity  effect  on  optical  properties  of 
glasses  may  be  observed  at  the  impurities  content  from  1  to  0.01  ppb.  The  content  of  limiting  impuri¬ 
ties  in  chalcogenide  glasses  obtained  up-to-date  is  not  less  than  50-100  ppb.  That  is  why  the  impuri¬ 
ties  contribution  into  the  investigated  glass  properties  is  considerable.  For  the  development  of  optoe¬ 
lectronic  materials,  based  on  high  purity  arsenic  chalcogenides,  the  1-2  order  decrease  in  the  impuri¬ 
ties  content  is  required  now.  It  will  become  possible  if  the  efforts  will  be  concentrated  on  the  prepara¬ 
tion  of  arsenic  and  chalcogens  with  the  lower  content  of  impurities,  on  the  development  of  more  sen¬ 
sitive  method  of  the  impurities  determination  and  on  the  improvement  of  the  glass  preparation  tech¬ 
nique. 
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Optical  and  mechanical  characteristics  of  optical  fibers  made  of  high-purity  chalcogenide 
glasses  of  As-S,  As-S-Se,  As-Se  and  Ge-As-Se  systems,  intended  for  operation  in  the  middle 
IR,  are  given.  The  fibers  from  As-S  glass  will  be  useful  for  transmission  of  IR-radiation  in  the 
1-7  microns  spectral  region,  the  fibers  on  the  basis  of  As-Se  and  Ge-As-Se  glass  systems  -  in 
the  2-12  microns  region.  The  multimode  fibers  from  arsenic- sulfide  and  arsenic-selenide 
glasses  have  the  minimum  optical  losses  equal  to  23  ±  8  dB/km  and  79  ±10  dB/km  at  2.4  and 
4.5  microns,  respectively.  The  average  bending  strength  of  As-S  glass  fibers  (with  diameter  of 
350-400  microns)  is  from  1 .0  up  to  1 .2  GPa,  and  from  0.4  up  to  0.8  GPa  for  the  fibers  made  of 
As-Se  and  Ge-As-Se  glasses.  The  single-mode  fibers  from  As-S  glasses  have  the  minimum 
optical  losses  from  200  up  to  400  dB/km  in  the  1.3-3  microns  wavelength  region.  The  choice 
of  the  glasses  compositions  for  the  fiber  core  and  reflecting  cladding  which  provides  the  given 
numerical  aperture  and  the  mode  parameters  in  the  required  spectral  region  is  discussed.  The 
features  of  modal  distribution  of  radiation  along  the  arsenic-sulfide  fiber  length  were  explored. 
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1.  Introduction 

For  various  practical  applications  the  fibers  based  on  high  purity  arsenic-sulfide  and  arsenic- 
selenide  glasses  distinguished  in  structure,  waveguide  characteristics,  in  a  level  of  optical  losses  in 
the  required  spectral  range,  in  mechanical  strength,  aperture  and  other  parameters  are  required.  These 
are  multimode  fibers  with  a  reflecting  cladding  from  relevant  chalcogenide  glass,  fibers  with  a 
reflecting  polymeric  cladding,  fibers  without  a  reflecting  cladding,  and  also  single-mode  fibers. 

The  number  of  checked  parameters  for  the  fibers  reaches  ten.  It  is  a  diameter  of  a  core  of  a 
fiber,  ratio  of  diameters  of  a  core  and  reflecting  cladding,  concentricity  of  an  arrangement  of  a  core 
and  cladding,  concentricity  of  a  secondary  coat,  the  numerical  aperture,  mechanical  strength,  the 
minimum  permissible  radius  of  bending,  continuous  length  of  a  fiber,  level  of  optical  losses  in  the 
required  spectral  range  etc.  At  development  of  installations  for  the  fiber  drawing  from  high  purity 
chalcogenide  the  main  problem  was  the  possibility  to  control  all  the  fiber  parameters. 

The  fibers  from  high  purity  sulfide-  and  arsenic-selenide  glasses  were  made  by  drawing  from 
ordinary  and  double  crucible. 

A  primary  coating  from  fluoroplastic  F-42  was  applied  on  a  fiber  during  drawing.  A  fiber  was 
passed  through  an  applicator  with  a  solution  of  F-42  in  methyl-ethyl  kethone  and  further  through  a 
pipe  heater,  where  the  solvent  was  evaporated. 

A  secondary  protective  coating  was  applied  by  drawing  the  fiber  with  a  primary  coating 
through  an  applicator  with  PVC  plastizole  with  the  subsequent  thermal  solidification  in  the  furnace. 
This  process  carried  out  as  an  additional  independent  stage  after  the  drawing  of  a  fiber. 

The  total  mass  of  a  glass  loaded  into  double  crucibles  was  from  400  up  to  800  grams,  that 
allowed  to  draw  from  500  up  to  1000  m  of  optical  fibre  with  its  diameter  from  500  up  to  300  microns. 
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To  form  the  optical  fiber  structure  it  is  necessary  to  ensure  a  relative  difference  of  refractive 
index  of  the  core  and  the  cladding  materials  of  a  fiber.  Depending  on  this  difference  value  the 
numerical  aperture  of  a  fiber  NA  changes: 

NA  =  sin  e  =  ( n\orc  -  n\iad)'^^  (1) 

where  NA  is  the  numerical  aperture  of  a  fiber,  6  is  tlie  permissible  half-angle  of  input  of 
radiation  into  a  fiber,  ncore  is  the  refractive  index  of  a  core  material,  Odad  is  the  refractive  index  of  a 
cladding  material. 

The  necessary  ratio  of  these  parameters  is  provided  by  the  relevant  difference  in  composition 
of  glasses. 


2.  Fibers  based  on  a  high  purity  arsenic-sulfide  glasses 

The  core  glass  of  multimode  fibers  had  composition  from  AS40S60  up  to  AssgSes- 
Compositions  for  the  core  and  cladding  were  selected  in  view  of  the  required  NA.  For  cladding  a 
glass  with  a  smaller  content  of  arsenic  was  taken  in  comparison  with  glass  of  the  core. 

The  expression  for  calculation  of  a  numerical  aperture  of  fibers  from  arsenic-sulfide  glasses 
was  derived  on  the  basis  of  [1]: 

NA  =  {(0.000 1 8(x^„„  -  x\,ad)  +  0.05 1 3 1  (Xc„re  +  Xciad)  +  7.32986}  (2) 

where  Xcorc  and  Xdad  is  the  content  of  arsenic,  at.  %,  in  the  glass  of  core  and  cladding, 
respectively. 

Both  low-aperture  fibers  with  a  ratio  of  compositions  of  a  core  and  cladding  not  exceeding  1 
at.  %,  and  high-aperture  fibers,  with  a  ratio  of  compositions  up  to  5  at.  %  were  made.  The 
compositions  of  glasses  of  core  and  cladding  for  a  single-mode  fiber  were  selected  so  that  the  well- 
known  expression  describing  a  single-mode  condition  of  a  fiber  was  satisfied: 

(2na/;i)(n\ore  -  n\,ad)''^^  2.4  (3) 

where  a  is  the  radius  of  a  core  of  a  fiber,  X  is  the  wavelength,  ncore  aod  ndad  is  the  refractive 
index  of  a  core  and  cladding  material  of  a  fiber,  respectively. 

For  values  of  a  core  diameter  in  the  interval  from  5  up  to  6  microns,  the  difference  of 
refractive  indices  of  a  core  and  cladding  materials  should  be  from  0.2  to  0.3  %.  It  follows  from 
expression  (2),  that  the  glass  of  a  cladding  should  differ  from  a  glass  of  a  core  with  the  contents  of 
arsenic  not  more  than  0.4  -  0.6  at.  %.  For  the  AS40S60  core  material  composition  the  glass  cladding  of 
a  single-mode  fiber  had  the  composition  of  AS39  5  S60  5- 

At  manufacturing  a  single-mode  fiber  two  procedures  of  fiber  drawing  was  used.  At  first  by 
the  method  of  a  double  crucible  the  two-layer  fibers  with  a  diameter  from  0.8  up  to  1  mm  with  a  ratio 
of  diameters  of  a  core  and  cladding  1:5  were  obtained.  Then  from  a  cladding  glass  the  tubes  with  a 
diameter  of  8  mm  with  ratio  of  inner  and  outer  diameters  equal  to  1:10  were  prepared.  A  piece  of  a 
two-layer  fiber  inserted  into  this  tube  and  the  obtained  “rod-in-tube”  preform  was  drawn  into  a 
single-mode  fiber  with  a  diameter  of  a  core  equal  to  5  -  8  microns,  with  the  total  diameter  equal  to 
250  microns. 

The  second  procedure  is  based  on  a  direct  drawing  of  a  fiber  from  a  double  crucible.  The 
microphoto  of  a  cross-section  of  a  single-mode  fiber  made  in  such  a  way,  is  given  in  Fig.  1. 


Fig.  1.  A  microphoto  of  a  cross-section  of  a  single-mode  fiber.  A  diameter  of  a  core  is 
6  microns,  diameter  of  a  cladding  - 125  microns. 
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P,  dB/km 


Fig.  2.  Spectral  dependence  of  the  total  optical  losses  in  a  single-mode  fiber  made  of  high- 
purity  arsenic-sulfide  glass  with  As4oS6oCore  [2],  the  arrow  shows  the  cutoff  wavelength  . 

The  spectrum  of  total  optical  losses  of  a  single-mode  fiber,  made  on  the  first  procedure,  is 
given  in  Fig.2.  A  spectrum  of  total  optical  losses  of  a  multi-mode  fiber  from  glasses  of  the  same 
composition  is  given  in  Fig.  3. 

From  Figs.  2  and  3  it  can  be  seen  that  the  minimum  optical  losses  in  a  single-mode  fiber  are 
much  higher  than  in  a  multi-mode  fiber.  Higher  losses  in  a  single-mode  fiber  can  be  explained  by  the 
imperfection  of  core  -  cladding  boundary  in  a  single-mode  fiber.  Now  optical  losses  in  single-mode 
fibers  from  a  arsenic-sulfide  glass  were  reduced  by  us  to  250-300  dB/km. 


xdt44  d  =  298 /194  mkm  A  =  80%  =0.27 


Fig.  3.  Spectral  dependence  of  the  total  optical  losses  in  a  multi-mode  fiber  made  of  high 
purity  arsenic-sulfide  glass  with  As4oS6oCore. 

In  Table  1  the  main  parameters  are  given  for  the  multi-mode  and  single-mode  fibers  based  on 
high  purity  arsenic-sulfide  glass  [3]. 


Table  1 .  Main  parameters  of  the  optical  fibres  from  high-purity  As-S  glasses. 


Type  of  optical 
fibre 

Continious 

length 

Core/Clad 

diameter 

ratio/(|im) 

NA 

Minimum 
loss  at  2,2  - 
4  pm/ 
fdB/km) 

Core 

concentricity/ 

(%) 

Bending 

strength/(GPa) 

Notes 

Multimode 

Up  to 

hundreds  of 
meters 

300/400, 

130/250 

0.13-0,4 

20-100 

^85 

0,8-1, 2 

Intensity  of 
OH<0.3  dB/m 
SH  <  1  dB/m 

Single-mode 

tens  of 
meters 

8/200 

6/125 

Not 

measured 

400 

>85 

0,4-0, 6 

Cut-off 
wavelength : 

1.1  - 1.5  urn 
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3.  Study  of  numerical  aperture  (NA)  of  the  fibers  made  of 
arsenic  -  sulfide  glasses 

In  various  instruments  and  devices  the  fibers  with  length  from  1  up  to  20  m  are  used.  The 
choice  of  a  fiber  for  specific  application  requires  a  detailed  knowledge  of  its  optical  parameters. 

In  many  cases  the  fibers  are  used  which  length  is  insufficient  for  achievement  of  a  stationary 
modal  distribution  at  an  arbitrary  distribution  of  a  radiation  power  at  the  input  of  a  fiber.  An 
information  on  the  values  of  a  numerical  aperture  for  short  pieces  of  chalcogenide  fibers  is  scarce. 
We  investigated  behavior  of  a  numerical  aperture  of  infrared  fibers  made  of  AS2S3  glass  at  unsteady 
modal  distribution  depending  on  the  aperture  of  exciting  radiation. 

Numerical  aperture  of  fibers  was  determined  by  the  far-field  method.  The  method  is  based  on 
measurement  of  a  spatial  distribution  of  a  radiated  power  coming  out  of  a  fiber,  at  a  distance  from  an 
output  fiber  end  being  much  greater  than  diameter  of  a  fiber. 

For  carrying  out  an  experiment  the  two-layer  multi-mode  fibers  with  the  diameter  of  a  core  of 
300  microns  and  thickness  of  a  reflecting  cladding  50  microns  were  used.  Glasses  of  compositions 
AS40S60  and  AS39  Sfti  were  respectively  used  as  a  material  of  a  core  and  the  claddings,  with  a 
difference  of  refractive  index  equaled  to  0.013.  Total  optical  losses  at  5.5  microns  wavelength  were 
800  dB/km.  The  end  faces  of  fibers  were  prepared  by  the  method  a  notch-breakage  with  the 
subsequent  quality  control  of  the  cut  with  a  microscope. 

In  Figs.  4  and  5  the  results  of  measurement  of  the  aperture  of  a  fiber  NAua-  are  submitted 
depending  on  the  aperture  of  excited  radiation  NA,,,  and  length  of  a  fiber.  It  follows  from  Fig.  4  that 
NAeir  for  fibers  with  length  1  m  is  much  more  than  with  length  of  15  m.  At  increase  of  a  fiber  length 
the  NAi;fr  decreases  and  tends  to  the  calculated  value.  The  calculated  curve  is  obtained  from 
expression  (1)  in  which  the  values  of  refractive  index  of  a  core  glass  are  used. 

The  dependences  NAcir,  submitted  in  Figs.  4  and  5,  are  explained  as  follows:  in  a  multi-mode 
fiber  with  a  step-by-step  profile  of  refractive  index  each  spreading  mode  has  a  reduction  factor,  and 
the  modes  of  the  highest  order  are  spreading  at  angles,  close  to  ultimate,  and  have  optical  losses  by 
tens  times  higher  than  modes  of  the  lowest  order.  In  case  when  the  radiation  is  inlet  at  large  angles 
into  short  fibers,  the  modes  of  the  highest  order  are  not  completely  damp  and  give  the  contribution 
into  value  NAon.  At  a  radiation  transmission  along  a  fiber  the  differential  losses  are  partially 
compensated  by  modal  conversion.  When  total  compensation  is  achieved,  each  mode  has  identical 
attenuation  and  the  transmission  goes  at  a  stationary  modal  distribution  at  which  the  attenuation  in  a 
fiber  is  an  exponential  function  of  its  length.  The  measure  of  achievement  of  a  stationary  modal 
distribution  is  an  invariance  of  a  directional  diagram  of  radiation,  coming  out  of  fiber  end,  in  the  far- 
field  region  under  different  conditions  of  excitation.  It  can  be  seen  from  Fig.  5  that  it  is  reached  at 
fiber  lengths  more  than  15  m. 

For  study  of  the  contribution  of  the  highest  order  modes  into  final  value  of  a  numerical 
aperture,  the  NA  measurements  of  the  fiber  with  an  immersion  coating  at  reflecting  cladding  were 
carried  out.  As  an  immersion  medium  a  chalcogenide  glass  was  used  with  refractive  index  slightly 
exceeding  the  refractive  index  of  a  cladding  glass.  An  immersion  coating  was  applied  on  a  section  of 
a  fiber  with  length  5  cm  at  1 5  cm  from  an  input  fiber  end  face.  It  was  found  that  the  stationary  modal 
distribution  is  reached  at  more  short  lengths  of  a  fiber,  about  3  m. 

The  numerical  aperture  of  a  fiber  with  a  primary  metal  coating  was  determined.  On  a  fiber 
glass  reflective  cladding  the  layer  of  indium  with  thickness  10  microns  was  applied.  The  stationary 
modal  distribution  for  a  fiber  with  a  metal  coating  was  achieved  at  lengths  less  than  1  m  (Fig.  6, 
curve  3).  The  metal  coating  assists  the  decay  of  modes  of  the  highest  order  in  a  reflecting  cladding 
along  the  whole  fiber  length,  excluding  their  influence  on  NAeff.  The  refractive  index  of  indium  is 
higher  than  refractive  index  of  chalcogenide  glass  (ni„  =10,  nch,giass~  2.4),  therefore  the  total  internal 
reflection  at  the  “reflecting  cladding  -  indium  coating”  boundary  is  absent,  and  the  radiation  along  the 
cladding  is  spreading  only  due  to  mirror  reflection  with  a  coefficient  R  <  0.97.  At  angle  close  to  the 
critical  and  the  value  R  =  0.97  lengths,  on  which  the  radiation  intensity  in  a  cladding  will  decrease 
by  2  orders,  is  equal  to  approximately  10  cm. 

As  a  result  of  the  investigation  the  lengths  of  stationary  modal  distribution  for  fibers  with 
nrimarv  eoatinps  from  fluoronlastic  F-42.  from  metal  indium  and  for  a  fiber  with  immersion  at  the 
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input  end  face  were  determined.  At  unsteady  modal  distribution  the  value  of  a  numerical  aperture  of  a 
fiber  depends  on  the  aperture  of  input  radiation,  length  of  a  fiber  and  of  a  kind  of  a  primary  coating. 
The  results  obtained  are  useful  at  selecting  the  optimal  length  of  fibers  at  measurement  of  its  optical 
losses  by  a  standard  double  point  method  and  at  a  selection  of  the  type  and  parameters  of  fibers  at 
their  practical  application. 


Fig.  4.  Dependence  of  the  effective  numerical  aperture 
of  a  fiber  NAeff  on  a  numerical  aperture  of  exciting 
radiation  NAin.  A  primary  coating-  fluoroplastic 
F-42,  thickness  10  microns. 
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Fig,  5.  Numerical  aperture  NAeff  of  a  fiber  versus  fiber 
length  for  NAjn  =  0,55.  A  primary  coating- 
fluoroplastic  F-42,  thickness  10  microns. 


Fig.  6.  Numerical  aperture  of  a  fiber  NAeff  versus  numerical  aperture  NAi„  of  exciting 

radiation  for  1  meter  length:  I  is  with  fluoroplastic  F-42  coating,  2  is  with  glass  immersion, 

3  is  with  metallic  indium  coating. 

4.  Multi-core  fibers  based  on  arsenic-sulfide  glass 

For  coupling  with  IR-radiation  detectors,  with  systems  of  thermal  imaging  and  IR- 
introscopes,  the  flexible  fiber  bundles  consisting  of  a  number  of  regularly  located  fibers  of  a  small 
diameter  are  required  at  present  time.  Such  multi-core  fibers  can  be  used  for  assembly  of  regular 
optical  fiber  bundles.  The  fibers  from  high  purity  glassy  arsenic  sulfide  are  suitable  for  operation  in  a 
spectral  range  from  1  up  to  6.5  microns,  the  fibers  on  the  basis  of  arsenic-selenide  glasses  and  up  to 
11-12  microns  in  case  of  the  fibers  based  on  arsenic-selenide  glasses. 

By  the  method  of  drawing  from  a  quartz  double  crucible  having  an  output  nozzle  of  square 
shape,  the  rectangular  fibers  having  a  core  and  reflecting  cladding  from  arsenic-sulfide  glass  has  been 
obtained.  The  side  of  the  square  fiber  was  from  250  up  to  500  microns. 

From  such  fibers  the  assemblies  8x8,  containing  64  regularly  located  fibers,  with  length  up  to 
15  cm  were  obtained.  Then  these  assemblies  were  drawn  into  multi-core  fibers  with  a  length  up  to 
several  tens  of  meters,  with  the  size  of  a  square  equal  to  250  microns. 
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Fig.  7.  A  square  shaped  multi-core  (8x8)  fiber, 

5.  Mechanical  strength  of  fibers  made  of  arsenic-sulfide  glasses 

Strengths  of  the  optical  core-clad  fibers  were  measured  by  the  method  of  two-point  bending 
between  parallel  plates,  described  in  [4].  The  results  of  measurement  of  strength  of  the  optical  fiber 
are  represented  in  the  form  of  Wcibull  plots  showing  the  dependence  of  probability,  F,  of  failure  of 
the  optical  fibers  upon  the  applied  stress,  a.  Measurements  were  carried  out  at  room  temperature.  The 
velocity  of  the  plate  movement  was  1  mm/s;  the  number  of  samples  in  each  series  of  measurement 
was  not  less  than  30;  the  fibre  diameter  was  400  mm.  Fig.  8  shows  a  Weibull  distribution  plot  for  the 
fiber  made  of  high-purity  As-S  glass  (curve  3). 

The  stability  of  parameters  of  fibers  at  various  conditions  is  of  interest.  The  character  of 
variations  in  a  spectrum  of  the  total  optical  losses  was  studied,  numerical  aperture  and  mechanical 
strength  at  bending  of  fibers  with  a  core  from  AS40S60  glass  and  reflecting  cladding  from  AS39S61  glass 
after  action  it  by  high-pressure. 

The  core  diameter  was  equal  to  300  microns,  the  thickness  of  reflecting  cladding  was  50 
microns.  The  fiber  had  a  protective  polymeric  coating  from  fluoroplastic  F-42  with  thickness  of  10 
mkm  and  secondary  coating  from  PVC  with  thickness  of  50  mkrn.  The  fiber  in  the  form  of  wheel 
rings  was  positioned  in  pressure  gasostat.  A  pure  argon  was  used  as  a  working  gas.  The  fibers  were 
exposed  to  isostatic  pressure  equal  to  85  and  40  MPa  (850  and  400  at). 


Bending  strength,  GPa 


Fig.  8.  Weibull  distribution  of  bending  strength  of  the  fibers:  diameter  400  microns  with  a 
primary  coating  from  fluoroplastic  F-42.  Fibers  on  the  basis  of  a  glass:  1  is  AS40  8308630,  2  is 

As4oSe6o;  3  is  AS40  860- 

Variations  in  value  of  numerical  aperture  before  and  after  pressure  treatment,  with  the  error 
limit  of  measurements  equal  to  0.02,  were  not  revealed. 

The  mechanical  strength  of  fibers  made  of  arsenic-sulfide  glass  subjected  to  high  pressure 
treatment  during  one  hour  under  pressure  of  85  GPa  decreased  by  12  %.  Weibull  curve  was  biased 
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into  an  area  of  smaller  strengths  indicating  influence  of  the  same  type  of  defects  on  mechanical 
strength  of  fibers  before  and  after  action  of  exterior  isostatic  pressure. 

For  two-layer  fibers  made  of  high  purity  As-S  glasses,  having  a  core  from  AS40S60  glass  and 
glass  reflecting  cladding  from  AsjsSes,  slight  variation  of  optical  losses  and  bending  strength  due  to 
pressure  action  was  observed.  These  fibers  had  a  primary  polymeric  coating  from  fluoroplastic  F-42 
with  thickness  of  10  microns  and  secondary  polymeric  coating  from  PVC  with  thickness  of  100 
microns.  The  common  level  of  optical  losses  in  such  fibers  within  one  year  of  storage  at  room 
temperature  has  increased  on  the  average  from  5  to  7  %,  and  the  average  bending  strength  was 
decreased  on  the  average  by  1 5  %. 

6.  Fibers  made  of  high  purity  sulfoselenide  glasses 

The  fibers  from  sulfoselenide  glasses  occupy  an  intermediate  position  between  fibers  from 
arsenic-sulfide  and  arsenic-selenide  glasses  both  in  a  spectral  range  of  optical  transmission,  and  in 
values  of  bending  strength. 

It  was  shown  in  [5]  that  the  multiphonon  absorption  edge  for  sulfoselenide  glass  shifts  into 
long  wavelength  region  in  comparison  with  sulfide  glass.  At  replacement  of  30  at.  %  of  sulfur  for 
selenium  in  AS40S60  glass  the  shift  of  a  multiphonon  absorption  edge  is  about  1  micron  and  is 
considerably  increased  with  the  further  increase  of  the  selenium  content. 

The  two-layer  optical  fibers  on  the  basis  of  As:  S)  sSei  5  glass  with  a  polymeric  coating  were 
obtained  with  the  purpose  of  measurement  their  optical  and  mechanical  characteristics.  The  glass  of 
a  core  had  a  composition  As38S25Se37,  and  glass  of  a  cladding  was  As3gS27Se35.  For  preparation  of 
high  purity  sulfoselenide  glass  the  direct  melting  of  pure  starting  elements  as  well  as  the  purification 
of  sulfur  and  arsenic  through  monosulphide  of  arsenic  were  used.  The  two-layer  optical  fibers  were 
drawn  by  the  method  of  a  double  crucible  with  a  ratio  of  diameters  of  a  core  and  cladding  (in 
microns)  300/400  and  200/400.  The  minimum  losses  measured  by  the  double-point  method,  were 
equal  to  190±20  dB/km  at  wavelength  of  4.8  microns.  In  the  4-6  microns  spectral  range  the  optical 
losses  were  at  the  level  of  200-300  dB/km.  It  is  the  best  result  in  this  area  for  the  spectrum  for  two- 
layer  fibers  on  the  basis  of  chalcogenide  glasses. 

In  Fig.9  the  spectrum  of  the  total  optical  losses  in  the  fiber  from  As-S-Se  glass  with  a  ratio  of 
diameters  of  a  core  and  cladding  of  300/400  and  with  a  polymeric  coatings  is  shown.  In  the  spectrum 
of  the  fiber  two  spectral  windows  with  the  losses  lower  than  300  dB/km  are  visible:  3.2-4  microns 
and  4.4-6  microns.  There  are  some  peaks  of  absorption  because  of  SH,  CO2  impurity  at  4.3 1  and  4.34 
microns;  OH  groups  at  2.92  microns  and  traces  of  molecular  water  H2O  at  6.33  microns.  The 
intensity  of  SH  at  4.01  microns  is  3  dB/m.  The  impurity  band  at  4.57  microns  bound  with  absorption 
of  SeH-group,  is  absent.  For  comparison  the  spectrum  of  the  total  optical  losses  for  the  fiber  from  As- 
S  glass  is  given.  From  this  figure  the  advantage  of  the  fiber  from  As-S-Se  glass  is  visible  in  the  5-6 
microns  spectral  range  in  comparison  with  fibers  from  As-S  glass.  It  is  necessary  to  note  that  in  the 
optical  spectrum  of  fibers  from  As-S-Se  there  are  no  intensive  absorption  bands  with  maxima  at  5.17 
and  5.6  microns,  which  are  characteristic  of  fibers  from  AS2S3. 

In  Fig.  8  the  Weibull  distribution  of  bending  strength  of  the  fiber  is  submitted.  The  mean 
mechanical  bending  strength  of  the  fiber  is  0.8  GPa.  The  Weibull  curve  for  sulfoselenide  glass  fiber 
occupies  an  intermediate  position  in  relation  to  that  for  the  arsenic-sulfide  and  arsenic-selenidefibers. 
The  bending  strength  of  a  fiber  from  As-S-Se  with  fluoroplastic  F-42  coating  has  decreased  within  3 
days  from  0.8  GPa  to  0.6  GPa,  then  there  was  stabilization,  and  the  average  bending  strength 
remained  invariable  in  time. 

The  effective  numerical  aperture  of  a  fiber,  determined  by  the  angular  distribution  of  output 
power,  was  equal  to  0.28. 

Through  1.5meter  fiber  with  a  diameter  400  microns  six  watts  of  continuous  CO-laser 
radiation  was  transmitted.  The  input  laser  power  was  12  watts. 
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Fig.  9.  Comparison  of  the  total  loss  spectra  of  two-layer  fibers  from  the  glasses  of  As-S  (1)  and 

As-S-Se  (2)  systems. 

The  main  parameters  of  arsenic  sulfoselenide  glass  fibers  are  given  in  the  table  2. 


Table  2.  Main  parameters  of  optical  fibers  made  of  As-S-Se  glasses. 


Core/clad  composition 

Continuous 
length,  m 

^clad/^core 

]um 

A 

(3„i„  (dB/km) 
at  A,(pm) 

P  (A,=5.5  pm), 
dB/km 

Transmission 
of  CO-laser 
radiation,  W 

AS38S25Se37/ AS38S27Se35 

>150 

400/300 

400/200 

0.28 

190  (4,8) 

220 

Pi„=12W 

Po„.  =  6W 

7.  Fibers  made  of  high  purity  arsenic-selenide  glasses 

As  a  material  for  manufacturing  fibers  for  the  spectrum  range  of  a  spectrum  2-11  microns 
the  As-Se  and  Ge-As-Se  glasses  were  used.  The  contents  of  germanium  was  up  to  5  at.  %  (table  3). 
The  fibers  with  a  diameter  from  300  up  to  400  microns  were  drawn  by  the  double  crucible  method. 

In  the  last  column  the  values  of  losses  at  X  =  10.6  microns  wavelength  are  given.  The 
intensity  of  absorption  bands  of  OH  -  groups  (A=2.9  pm)  in  the  spectra  of  optical  losses  of  the  best 
samples  of  fibers  did  not  exceed  0.2  -  0.3  dB/m,  molecular  water  (A=6.3  pm)  -  0.4  dB/m.  The 
minimum  optical  loss  in  the  unclad  fibers  made  of  AsaSes  glasses  was  equal  to  76  dB/km  at  4.3  pm, 
and  0.1-0.3  dB/m  at  6.7  pm  in  case  of  As-Se-Te  glass.  The  optical  loss  was  equal  to  3-4  dB/m  at  10.6 
mm  in  the  best  samples. 

The  average  bending  strength  of  two-layer  fibers  from  Ge-As-Se  glass  with  a  fluoroplastic 
F-42  coating  is  0.4  -  0.5  GPa  and  for  best  samples  reaches  0.8  GPa. 

Though  the  fibers  on  the  base  of  arsenic-selenide  glasses  have  the  average  bending  strength 
twice  smaller  in  comparison  to  fibers  from  arsenic-sulfide  glasses,  their  main  advantage  consists  in  a 
wider  range  of  spectral  transmission.  The  long-wave  edge  of  their  transmission  reaches  10- 11 
microns,  at  optical  losses  in  a  fiber  at  a  level  of  several  dB/m. 


Optical  and  mechanical  characteristics  of  fibers  made  of  arsenic  chalcogenides 


359 


Table  3.  Compositions  of  core  and  cladding  glasses  of  fibers  from  high  purity  arsenic-selenide 
glasses  and  the  fiber’s  optical  losses,  dB/m, 


Core  glass 
composition 

Clad  glass 
composition 

Optical  loss,  dB/m,  at  A,  (/um) 

2^6 

6-r9 

9^11 

10.6 

1  H-  1.5 

11 

0.3 

0.3-  1.5 

1.5 -8.5 

8.4 

0.3  4-  0.5 

2-11 

8.0 

Ge2As38Se6o 

0.19 

0.3  -  0.8 

0.8-7 

5.5 

Ge2As38Se6o 

0.9  2 

warn 

3-7 

Ge4As36Se6o 

0.2  +  0.3 

1  -  1.6 

1.6-9 

8.0 

Ge2As3sSe6o 

0.8-6 

3.0 

Ge5As34Se6i 

0.09  -  0.3 

0.8 -2.1 

1.6 

8*  Application  of  IR  fibers  based  on  chalcogenide  glasses 

One  of  the  most  important  directions  of  chalcogenide  IR  fibers  use  for  the  middle  IR-range  of 
2-12  microns  is  concerned  with  the  transmission  of  powerful  laser  radiation  for  the  medical  and 
technological  purposes.  For  the  radiation  transmission  of  such  lasers,  such  as  the  HF-laser 
(X  =  2.7  pm),  YAG:Er3+-laser  {X  =2.94  pm),  DF-laser  (A.  =  3.8  pm),  CO-laser  (X=  5,6  pm)  and  002- 
laser  (A.=10.6  a  pm)  IR-fibers  are  necessary.  The  level  of  optical  losses  in  fibers,  achieved  by  us,  is 
given  in  the  Table  4. 

Table  4.  Basic  performances  of  the  best  fibers  made  of  high  purity  glasses  of  As-S,  As-Se  and 

Ge-As-Se  systems. 


The  characteristic  of  a  fiber 

Parameter 

1 .  Minimum  optical  loss  (dB/km)  at 

23  (A  =  2.4  tmx)  (As-S) 

wavelength 

79  a  =  '/.3pw)(As-Se) 

2.  Optical  loss  at  laser  wavelenghts,  dB/km 

YAG:Er^^  (X  =  2.94  pm) 

160 

CO-  (k  =  5.5-  6.3  pm) 

100-200 

CO2-  (A,  =  9.2- 11.3  pm) 

1600 

3,  Intensity  of  impurity  absorption  bands 

OH 

60 

SH 

800 

4.  The  power  of  radiation  transmitted  through 

a  fiber 

YAG:Er^^-laser‘ 

1.5kJ/cm^ 

CO-laser* 

low 

C02-laser 

1.5  W 

5.  Bending  strength,  GPa 

0.5 -1.2 

6.  Continuous  fiber  length 

up  to  100  m 

•)  The  power,  transmitted  through  a  fiber,  is  limited  to  maximal  output  power  of  commercial 
available  domestic  lasers 


ly 


The  two-layer  As-S  glass  fibers  with  the  minimum  contents  of  OH-groups  and  with  the 
contents  of  microinclusions  less  than  2*  10"*  cm"^  were  used  for  the  transmission  of  YAG:Er^^-laser 
radiation.  Through  fibers  with  a  diameter  460  microns  which  have  loss  about  250  dB/km  at  A,  =  2.94 
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microns  and  length  up  to  1.5  m  the  pulses  of  YAG:Er^^-laser  with  the  duration  of  350  ps  and  with  density 
of  power  up  to  1 .5  kW/cm^  were  transmitted  [6]. 

In  [7]  we  describe  a  system  for  laser  microsurgery  of  an  eye  lens,  based  on  use  of  fiber  from  high 
purity  arsenic-sulfide  glass.  The  flexible  multimode  optical  fibre  with  a  diameter  of  480  microns  and 
length  up  to  3  m  was  used  for  the  transmission  of  YAG:Er^'*^-laser  pulses  (k  =  2.94  microns)  with  power  at 
about  1 50  mJ  and  with  frequency  of  3  Hz.  Through  a  fiber  from  AS35S65  glass  with  a  polymeric  reflecting 
cladding  with  a  diameter  of  450  microns  and  length  of  1 .5  m  it  became  possible  to  transmit  within  several 
hours  the  radiation  of  the  continuous  CO-  laser  (A,=5-6  mkm)  with  output  power  up  to  10  W  [8].  The 
power  level  of  transmitting  radiation  was  limited  to  parameters  of  the  used  laser.  The  optical  losses  in  a 
fiber  were  about  700  dB/km  at  the  wavelength  of  5.5  microns.  In  [9,10]  the  possibility  of  chalcogenide  IR- 
fibers  use  in  optical  pyrometry  was  shown.  Small  values  of  time  constant  of  the  described  radiometers,  and 
rather  high  accuracy  allows  to  use  them  in  high-speed  scanning  systems  for  the  remote  measurement  of 
temperature  under  conditions  of  strong  electromagnetic  fields,  aggressive  mediums  or  for  the  supervision 
of  temperature  of  hard-to-reach  objects.  The  Ge5As38Se57  glass  fiber  was  used  for  radiation  output  of 
miniature  cooled  semiconductor  lasers  operating  at  the  6  -  10  mkm  spectral  region  from  a  Dewar  vacuum 
flask  for  the  liquid  helium  storage  [11].  The  system  of  a  cryostating  of  lasers  with  a  radiation  output 
through  fiber  has  essentially  improved  the  characteristics  of  IR-spectrometer  for  the  molecular  analysis  of 
high  purity  volatile  substances. 

9.  Conclusions 

The  fibers  from  high  purity  chalcogenide  glasses  have  passed  an  initial  stage  of  their  development. 
To  the  present  time  the  fibers  with  achieved  optical  losses  and  mechanical  characteristics  are  quite 
satisfactory  for  their  use  in  devices  of  new  engineering.  The  main  reasons  causing  the  increase  of  optical 
losses  of  fibers  and  deterioration  of  their  mechanical  strength  are  investigated. 

The  improvement  of  the  characteristics  of  IR-fibers  from  chalcogenide  glasses  is  concerned  with 
the  further  decrease  of  impurity  level  in  chalcogenide  glasses,  improvement  of  fiber  drawing  procedures, 
development  of  methods  of  enlightenment  and  treatment  of  fiber  and  search  for  new  strengthening 
coatings. 
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The  opto-mechanical  effect  observed  in  amorphous  chalcogenide  films  deposited  onto 
clamped  STM  cantilevers  [1]  has  been  investigated.  In  this,  bandgap  light,  incident  on  the 
chalcogenide  film  and  linearly  polarized  either  parallel  or  perpendicular  to  the  cantilever  axis, 
reversibly  causes  respectively  either  a  contraction  or  an  expansion  of  the  chalcogenide  layer, 
resulting  in  an  optically-actuated  displacement  of  the  free  end  of  the  clamped  cantilever.  This 
effect  is  electronic,  not  thermal,  in  origin,  and  is  believed  to  be  caused  by  the  same  photo- 
induced  structural  rearrangements  that  are  responsible  for  the  optically  induced  optical 
anisotropy  observed  in  chalcogenide  glasses.  Possible  applications  of  this  new  all-optical 
actuation  for  optical  switching  will  be  discussed. 
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1.  Introduction 

It  is  becoming  apparent  that  the  next  generation  of  telecom  networks,  fibre  sensors,  optical 
switches  or,  in  the  extreme  case,  also  data  manipulation,  will  depend  on  all-optical  technology.  At 
present,  one  of  the  major  bottlenecks  to  achieve  full  photon  compatibility  in  present-day  devices  is  the 
lack  of  a  suitable  all-optical  switching  capability.  Various  micro-electro-opto-mechanical  systems 
(MEOMS)  are  utilised  to  achieve  even  better  performance;  however,  ultimately  these  cannot  compete 
in  the  long  term  with  all-optical  technology.  Another  issue,  distant,  but  nevertheless  progressing,  is 
nanotechnology.  It  is  well  recognized  that,  if  nanotechnology  is  to  succeed,  our  ability  to  grip, 
position  and  release  structures  on  the  atomic  scale  has  to  improve  greatly,  not  just  in  terms  of 
precision  but,  and  perhaps  more  importantly,  in  terms  of  scalability  and  vastly  parallel  processing.  It 
appears  that  one  of  the  key  factors  in  the  improvement  of  such  future  ‘SMART’  devices,  is  the 
mechanical  actuation.  At  present,  only  a  limited  number  of  actuators  with  sufficient  accuracy  are 
available  on  the  market,  e.g.  using  piezoelectric  or  photostrictive  actuation,  but  they  lack  sufficient 
tool-holding  capability,  as  well  as  being  too  large  and  not  easily  miniaturisable  to  be  made  into  large 
arrays  of  independent  actuators. 

One  of  the  emerging  new  technologies  with  the  promise  of  bridging  the  gap  between 
nanotechnology  and  the  macroscopic  world  is  opto-mechanical  actuation.  An  anisotropic  mechanical 
effect  induced  by  polarized  light  was  first  reported  by  Krecmer  et  al.  [1],  They  showed  that,  upon 
irradiation  with  polarized  light,  a  thin  amorphous  film  of  AsjoSeso  deposited  on  a  cantilever,  exhibits 
reversible  nanocontraction  parallel  to  the  direction  of  the  electric  vector  of  the  light  and  nanodilatation 
along  the  axis  orthogonal  to  the  electric  vector  of  the  light,  and  a  direct  correlation  of  this  opto¬ 
mechanical  effect  with  the  reversible  photoinduced  optical  dichroism  was  observed.  Measurements 
were  made  using  a  cantilever  (consisting  of  an  amorphous  AsjoSeso  film,  250  nm  thick,  deposited  on  a 
silicon  nitride  V-shaped  AFM  cantilever  200  pm  long  and  0.6  pm  thick),  which  was  found  to  bend 
reversibly  either  up  or  down  by  up  to  about  ±  1pm  upon  illumination  with  polarized  light  (Fig.). 

2.  Experimental 

2.1.  Principle 

The  opto-mechanical  effect  in  chalcogenide  glasses  (ChG)  is,  in  principle,  linked  with  the 
well-known  phenomenon  of  photoinduced  optical  anisotropy  [1],  where  polarized  light  can  cause,  in  a 
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previously  isotropic  chalcogenide  bulk  or  film  sample,  preferential  absorption  (and  reflection)  of  the 

inducing  (linearly  polarized)  light.  •  ,-  m  j 

Irradiation  with  polarized  light  oriented  along  the  axis  of  the  cantilever  (the  y-axis,  Ey)  led  to 
the  deflection  of  the  cantilever  in  the  +z  direction.  The  opposite  effect,  i.e.  bending  of  the  cantilever  in 
the  -z  direction  was  observed  when  the  light  was  polarized  orthogonally  to  the  direction  of  the 
cantilever  axis  (along  the  x-axis,  E*)  (Fig.  1). 


a)  b) 


Fig.  la)  Atomic  force  microscope  cantilevers  used  for  the  optical-actuation  experiments, 
b)  A  schematic  illustration  showing  the  general  structure  of  the  samples  used  in  our 
experiments  and  the  contraction/expansion  of  the  cantilevers.  At  the  top  is  a  schematic 
illustration  of  the  gold-Si3N4-ChG  sandwich.  Tire  light  in  this  case  is  incident  on  the  cantilever 
from  +z  direction  and  its  electric  vector  is  polarized  either  in  the  y-direction  or  the  x-direction. 


The  origin  of  this  mechanical  polarization  effect  is  not  known.  Whereas  amorphous  materials 
are  by  nature  generally  isotropic,  some  can  be  made  anisotropic  by  simply  illuminating  them  with 
polarized  light  (resulting  in  them  becoming  either  dichroic  or  birefringent).  The  phenomenon  of 
optical  anisotropy  was  first  observed  in  chalcogenide  glasses  by  Zhdanov  et  al.  [2],  and  the 
mechanism  has  since  been  studied  extensively.  We  can  suppose  that  the  microscopic  origin  of  the 
effect  arises  from  some  (anisotropic)  structural  elements  that  can  be  aligned  by  linearly  polarized 
light.  The  main  problem  still  remaining  to  be  solved  is  to  identify  these  structural  elements. 
Krecmer  et  al.  [1]  suppose  that  absorption  of  polarized  light  will  occur  when  the  E  vector  of  the 
polarised  light  is  parallel  to  the  main  axis  of  the  triangle  consisting  of  a  triplet  of  As-Se-As  atoms. 
After  excitation  of  a  lone-pair  electron  (LP),  an  electron-hole  pair  is  created,  which  no  longer  has  the 
spatial  symmetry  of  the  LP  orbital,  and  because  of  the  change  of  interatomic  potential,  this  leads  to  a 
displacement  swing  of  the  chalcogen  atom.  The  cooperative  swing  of  many  atoms  in  one  direction  is 
then  supposed  to  cause  both  the  mechanical  and  optical  anisotropy  [1].  However,  there  is  barely  any 
agreement  between  different  research  groups  regarding  the  microscopic  structures  that  are  responsible 
for  the  optically-induced  anisotropy. 

2.2.  Actuation 

Actuators  perform  useful  work  on  the  environment  in  response  to  a  command  or  a  control 
signal.  The  amount  of  work  that  they  perform  and  the  energy  expenditure  that  they  require  to  do  the 
desired  work  depend  drastically  on  the  method  of  actuation.  Ihese  methods  can  be  divided  into  six 
categories:  electrical,  magnetic,  thermal/phase,  mechanical/acoustic,  chemical/biological  and 

optical  [3].  .  , 

Systems,  which  utilize  either  an  electrical  or  an  optical  transduction  technique,  can  be 

classified  as  either  MEMS  (micro-electro-mechanical  system)  or  MOMS  (micro-opto-mechanical 
system)  MEMS  actuators  can  employ  either  piezoelectric,  electrothermal  or  electrostatic  means  in 
order  to  provide  the  necessary  driving  force.  In  contrast  to  this,  MOMS  sensing  devices  may  operate 
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by  monitoring  either  the  intensity  of  light  or  its  wavelength,  polarization,  or  phase.  MOMS  actuators 
can  utilize  either  the  photothermal  effect,  the  photomechanical  effect  or  radiation  pressure  [4]. 

Optical  actuation  is  divided  into  direct  and  indirect  optical  methods.  Direct  optical  methods 
use  light  to  interact  with  the  active  parts  of  the  actuator  and  cause  actuation.  Indirect  optical  methods 
take  advantage  of  the  heating  power  of  the  light  or  its  ability  to  generate  an  electrical  current  or  to 
change  the  resistivity  of  photo-responsive  materials.  Several  practical  benefits  distinguish  direct 
optical  methods  from  radiative-thermal  processes.  Direct  optical  processes  can  be  much  faster  than 
indirect  ones,  and  they  can  take  place  at  much  lower  tight  powers  and  they  permit  greater  simplicity, 
versatility  and  parallelism  of  the  controller. 

An  interesting  feature  of  both  types  of  optical  actuators  is  that  they  can  be  directly  interfaced 
with  fibre  optics  or  other  forms  of  waveguides,  such  as  integrated  optics  [5].  This  feature  makes 
optical  actuators  ideal  candidates  for  smart  structures  [6],  where  many  actuators  are  multiplexed  (in 
time  or  frequency)  and  located  over  large  areas. 

We  have  discovered  a  new  type  of  direct  optical  actuator  that  uses  reversible  nanocontraction 
and  dilatation  in  chalcogenide  glasses  induced  by  polarized  light  [1].  This  optomechanical  effect  was 
demonstrated  on  Si3N4  V-shaped  microcantilevers  coated  with  amorphous  AssoSeso  (see  Fig.). 

There  are  several  features  that  make  the  smart  technology  of  optical  actuation  involving 
chalcogenide  materials  much  better  than  other  kinds  of  actuation: 

The  opto-mechanical  effect  is  highly  reversible. 

The  effect  is  wavelength-selective  (the  maximum  response  is  for  light  having  an  energy 
comparable  to  the  chalcogenide  bandgap). 

Since  light  is  used  as  the  stimulus,  no  electricity  is  needed  as  in  piezoelectric  devices.  Optical 
actuators  can  therefore  be  used  in  hazardous  environments  (e.g.  flammable  atmospheres)  where  the 
use  of  high  voltages  (as  for  piezoelectric  devices)  would  be  unsafe. 

It  is  potentially  cheap. 

Optical  actuators  lend  themselves  to  miniaturisation,  and  large  arrays  of  independent 
cantilevers  can  be  envisaged  for  applications  requiring  massively  parallel  processing. 


2.3.  Measuring  set-up 


A  vibrational-free  optical  workplace,  together  with  a  temperature  stable  environment,  is  the 
key  factor  for  measurement  on  nanometer  scales.  The  cantilever  is  illuminated  (from  the  side  coated 
with  the  chalcogenide  film)  with  polarized  light  from  laser  a  He-Ne  laser  (10  mW).  The  direction  of 
polarization  is  adjustable  between  0-90  degrees  by  a  X,/2  waveplate  for  632.8  nm.  The  displacement 
of  the  cantilever  is  detected  by  measuring  the  deflection  of  a  laser  beam  focused  on  the  apex  of  the 
cantilever  and  reflected  from  the  gold  surface  coating  of  the  other  surface  of  the  cantilever.  As 
chalcogenide  glasses  are  sensitive  to  visible  light  illumination,  the  system  incorporates  a  low-power 
(50  pW)  modulated  laser  diode  (655  nm,  119  Hz)  as  the  measuring  beam,  deflecting  from  the  gold 
surface  onto  a  position-sensitive  quadruple  photodiode.  The  signal  is  fed  into  a  digital  lock-in  analyser 
for  enhanced  sensitivity  of  the  measurement.  Fig.  1  shows  a  schematic  of  the  measuring  apparatus. 
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Fig.  1.  Illustration  of  set-up  for  measurement  of  the  opto-mechanical  effect  on  cantilevers. 


3.  Results  and  discussion 


The  cantilever  (consisting  of  an  amorphous  As5oSe5o  film,  260  nm  thick,  deposited  on  a 
silicon  nitride  V-shaped  AFM  cantilever  200  pm  long  and  0.6  pm  thick)  bends  reversibly  during 
illumination  with  a  He-Ne  laser  with  different  directions  of  polarization,  parallel  (||)  or  perpendicular 
(±)  to  the  cantilever.  The  polarization-dependent  signal  is  superimposed  on  a  photoinduced  scalar 
expansion,  which  is  shown  in  Fig.  3a)  after  switching  the  incident  laser  power  off  This  observation  is 
in  accordance  with  previous  measurements  [7],  and  can,  in  principle,  be  composed  of  both  a  scalar 
photoexpansion  and  differential  thermal  expansion  of  the  glass  matrix  and  the  substrate.  Fig.  2b) 
shows  the  reversibility  of  the  cantilever  displacement  alternating  with  change  of  direction  of  the  laser 
polarization.  This  result  is  in  agreement  with  those  carried  out  earlier  on  a  different  apparatus  [1]. 


Fig.  2.  The  changes  in  relative  displacement  of  the  cantilever  covered  with  a  260  nm  thick 
As5oSe5o  film  illuminated  with  a  30mW-cm'^  He-Ne  laser,  a)  The  cantilever  relaxes  to  its 
equilibrium  position  after  the  incident  laser  is  switched  off.  b)  Reproducibility  of  the  relative 
displacement  after  several  polarization  plane  alternations. 

The  response  of  the  cantilever  depends  on  the  power  density  of  the  illuminating  laser  bearn. 
The  experiment  was  performed  with  a  He-Ne  laser  with  a  maximum  output  power  of  200  mW*cm  . 
The  influence  of  the  laser  power  on  the  optomechanical  displacement  is  shown  in  Fig.  3.  The  time 
constant  of  the  fastest  curve  is  of  the  order  of  6-10  s  for  200  mW-cm'^  input  power  of  He-Ne  beam 
and  the  given  chalcogenide  glass/cantilever  system.  Note  that  this  value  is  system  specific  and  other 
systems  are  now  being  studied  to  decrease  this  time  constant  to  the  millisecond  range. 


Fig,  3.  Variable  illumination  power  causes  a  certain  level  of  saturation  of  displacement  to 
the  reached  in  different  times.  The  laser  power  has  been  changed  neutral  density  filters. 

The  illuminating  laser  power  is  not  the  only  influence  on  the  bending  capabilities  of  the 
cantilevers;  there  is,  of  course,  a  size  and  shape  dependency  as  well.  These  properties  are  closely 
related  to  different  force  constants  of  the  cantilevers.  This  behaviour  is  shown  in  Fig.  4,  where 
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cantilevers  with  various  force  constants  1)  0.03  N*m'^  2)  0.06  N*m‘\  3)  0.4  N*m‘\  4)  0,2  N-m’^ 
covered  with  the  same  260  nm  thick  AssoSeso  film  have  been  measured  under  the  same  conditions.  As 
expected,  the  biggest  and  fastest  response  has  been  found  for  the  cantilever  with  the  smallest  force 
constant  (curve  1).  However,  it  is  also  shown  that  increasing  the  force  constant  by  a  factor  of  two 
(curve  2)  does  not  significantly  change  the  relative  cantilever  displacement  or  the  kinetics.  Also 
increasing  the  force  constant  by  more  than  an  order  of  magnitude  (i.e.  curve  1  vs.  curve  3)  has  a 
relatively  small  influence  on  the  displacement  (note  the  lengths  of  cantilevers  3  and  4  is  half  that  of 
1  and  2).  These  observations  suggest  the  existence  of  a  relatively  very  strong  force  constant  of  the 
chalcogenide  film,  and  that  even  thinner  chalcogenide  films  could  be  used  to  achieve  similar  kinetics 
and  displacements.  This  property  is  currently  under  investigation. 


Fig.  4.  The  effect  of  cantilever  size.  The  response  of  the  cantilever  depends  on  its  force 
constant,  which  varies  with  size  and  shape  of  each  cantilever  1)  0.03  N*m“\  2)  0.06  N*m‘\ 

3)  0.4  N-m‘\  4)  0.2 

Until  now  we  have  been  concerned  with  properties  of  the  cantilever  illuminated  with  the  laser 
polarized  either  parallel  or  perpendicular  to  its  main  axis.  However,  for  the  phenomenon  to  be  utilized 
in  micromanipulators,  we  have  investigated  the  effect  of  the  cantilever  displacement  of  intermediate 
angles  between  the  light  polarization  and  cantilever  axes.  Fig.  5  shows  that  it  is  possible  to  drive  the 
cantilever,  not  only  between  two  extremes,  but  also  its  bending  can  be  regulated  in  intermediate 
positions  simply  by  changing  the  angle  of  polarized  incident  light  relative  to  the  cantilever  axis.  This 
property  can  be  very  useful  in  optical-mechanical  manipulation  (MOMS)  applications  (e.g.  optical 
tweezers  or  multi-way  optical  switches). 


Fig.  5.  Dependence  of  cantilever  displacement  on  angle  of  polarization  of  the  laser  light.  The 
angle  of  polarization  has  been  changed  by  rotation  of  a  XU  waveplate. 
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4.  Conclusions 

One  of  the  major  advantages  of  the  opto-mechanical  effect  in  chalcogenide  glasses  is  the 
direct  light-to-mechanical  effect  coupling  without  the  need  for  other  external  sources.  In  this  paper, 
we  have  demonstrated  the  potential  of  this  effect  for  it  to  be  used  in  optical  switching  and 
micromanipulators.  However,  if  any  meaningful  structures  are  to  be  built,  a  more  detailed  analysis  of 
the  mechanical  characteristics  of  the  composite  cantilever  with  respect  to  temperature  expansion  of 
both  materials,  differences  in  modulus,  various  types  of  designs,  scaling  behaviour  etc.,  together  with 
wavelength,  temperature,  intensity  and  compositional  dependencies  need  to  be  investigated.  These  are 
currently  under  investigation. 
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Because  of  their  transparency  in  the  infrared,  their  high  refractive  index  and  their  well-known 
photosensitivity  properties,  interest  in  chalcogenide  glasses  for  integrated  optics  and 
technological  applications  related  to  detection  in  the  IR  spectral  domain  has  been  growing 
during  the  past  few  years.  Our  present  work  is  focused  on  the  possibility  of  integrating 
chalcogenide  glasses  in  components  for  two  types  of  applications:  spatial  interferometry 
(detection  of  planets)  and  environmental  metrology  (detection  of  pollutant  gases).  In  both 
cases,  monomode  channel  or  rib  waveguides  working  in  the  infrared  are  to  be  obtained.  In  this 
context,  first  step  of  our  work  has  been  to  optimize  the  chalcogenide  films  deposition 
conditions  starting  from  glasses  based  on  germanium  combined  with  antimony  and  selenium, 
or  with  arsenic  and  selenium.  Films  with  good  adherence  and  controlled  composition  are 
currently  obtained  by  RF-sputtering  and  thermal  evaporation.  Multimode  planar  chalcogenide 
waveguides,  based  on  two  external  Ge29As  128659  and  an  inner  Ge2iSbjgSe6i  glassy  layers 
deposited  on  glass  or  Si/Si02  substrates,  were  then  fabricated  and  proved  to  guide  at  1.55  pm. 
In  order  to  realize  channel  or  rib  chalcogenide  waveguides,  Ar  plasma  etching  and  NH4OH 
chemical  etching  of  the  films  were  also  investigating  and  proved  to  be  encouraging. 

(Received  June  6,  2001 ;  accepted  June  1 1,  2001) 

Keywords:  Chalcogenide  thin  layers,  IR  waveguides.  Integrated  optics,  Astronomical 
interferometry,  Optochemical  sensors,  Etching 


1.  Introduction 

Interest  in  chalcogenide  glasses  for  integrated  optics  has  been  growing  during  the  past  few 
years  [1-5].  Most  of  the  current  research  efforts  deal  with  telecommunication  applications,  at  1.3  or 
1.55  pm  wavelengths,  but  chalcogenide  glasses  present  wide  transmission  windows,  from  1  to  20 
microns  depending  on  the  material  composition,  high  refractive  indexes  and  numerous  photoinduced 
properties  (photodarkening,  photodissolution  of  metals,...)  which  make  them  also  competitive 
materials  for  several  technological  applications  related  to  detection  in  the  IR  spectral  domain.  The 
present  work  is  focused  on  two  of  these  potential  applications.  The  first  one  is  spatial  interferometrj', 
which  implies  the  use  of  components  working  in  the  far  infrared  for  the  detection  and  the 
spectroscopic  study  of  extrasolar  planets  [6].  The  second  one  is  environmental  metrology.  Indeed,  the 
detection  of  some  vibrational  modes  present  in  some  pollutant  gases  and  located  in  the  wavelengths 
between  3  and  12  pm  would  be  possible  thanks  to  optochemical  sensors  working  in  the  infrared.  In 
both  cases,  monomode  channel  or  rib  waveguides  must  be  obtained.  In  our  work,  we  preliminary 
focused  on  the  possibility  of  fabricating  multimode  planar,  channel  or  rib  chalcogenide  waveguides 
working  in  a  large  window  of  wavelengths  (between  1  and  15  microns  approximately).  Adjusting  the 
working  wavelength  will  then  only  need  adjustment  of  the  size  of  the  waveguide. 

To  date,  our  work  has  consisted  in  the  choice  of  the  chalcogenide  glasses,  the  deposition  of 
films  with  controlled  characteristics  and  the  realization  of  multimode  planar  waveguides  in  the 
continuity  of  our  previous  work  [7].  The  possibility  of  realizing  monomode  waveguides  has  also  been 
investigated:  the  obtention  of  monomode  structures  implies  the  modification  of  the  initial  planar 
geometry  of  the  films  so  chemical  and  plasma  etching  tests  have  been  performed. 

Progress  in  our  investigation  is  presented  in  this  paper. 
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2.  Experimental 

2.i  -  Substrates 

Two  types  of  substrates  were  used:  microscope  slides  and  Si/Si02  substrates  (1x1  cm^) 
provided  by  the  CNM  (Centro  de  Microelectronica)  in  Barcelone  and  which  oxidized  layer  thickness 
is  about  40  nm. 

2.2-  Film  deposition 

Films  based  on  germanium  combined  with  antimony  and  selenium  were  deposited  by  thermal 
evaporation  of  powdered  Ge28Sbi2Se6o  glass  prepared  by  the  conventional  melt-quenched  method,  at  a 
residual  pressure  of  2  x  10"'^  Pa.  The  layer  thickness  was  controlled  by  the  quantity  of  powder  in  the 
molybdenum  crucible  (typically  250  mg  for  a  thickness  of  1  micron  when  the  crucible  is  placed  at  10 
cm  of  the  substrate).  The  deposition  of  the  films  based  on  germanium  combined  with  arsenic  and 
selenium  was  performed  by  RF-sputtering  from  a  GeasAsnScss  commercial  target  (target  called  IG2, 
from  VITRON  AG),  with  a  constant  operating  pressure  of  5  Pa  of  argon  for  non-reactive  sputtering. 
In  order  to  prevent  damage  of  the  target,  a  30  W  RF  sputtering  power  was  used,  yielding  deposition 
rates  of  about  1 0  nm.min'* . 

2.4-  Film  characterization 

The  adherence  of  the  films  on  the  substrates  was  verified  by  the  classical  adhesive  tape  test. 
Their  thickness  was  estimated  by  profilometry  (using  a  DEKTAK  3)  but  also  by  ellipsometric 
experiments  carried  out  at  the  ICMAB  (Institut  de  Ciencia  dels  Materials  de  Barcelona)  in  Barcelone 
and  their  surface  aspect  was  inspected  by  Scanning  Electron  Microscopy  (SEM)  on  a  Leica 
Stereoscan  260.  Chemical  composition  was  estimated  by  Secondary  Diffused  Electron  (EDS). 
Information  about  refractive  indexes  and  absorption  of  the  films  was  provided  by  ellipsometric 
measurements  performed  at  the  CNM  in  Barcelone  in  the  range  0.7  to  5  eV. 

The  experimental  setup  used  for  the  characterization  of  the  waveguides  is  composed  of  a  1.55 
micron  source  from  Photonics  coupled  with  a  silica  fiber  which  is  positioned  in  front  of  the  planar 
waveguide.  The  optical  near  field  collected  at  the  output  of  the  waveguide  is  focused  on  a  detector 
using  a  microscope  objective. 

Thickness  and  width  of  the  ribs  obtained  by  etching  were  measured  by  profilometry. 

2.4-  Film  etching 

Two  ways  of  etching  were  tested:  (i)  chemical  (wet)  and  (ii)  physical  (dry)  etchings. 

In  both  cases,  chalcogenide  glass  films  were  covered  with  a  thin  layer  of  Microposit®  resin  of 
about  2pm  thickness  by  spin  coating.  After  UV  insolation  through  a  mask  (with  120  or  15  microns 
line  motifs)  and  resin  development  in  MF320  developer,  the  samples  were  annealed  30  minutes  at 
393  K. 

(i)  Chemical  etching  [8,  9] 

Several  alkaline  solutions  at  different  concentrations  were  tested  and  a  10“^  M  NH4OH  solution  was 
finally  chosen.  After  treatment  in  this  solution,  layers  were  dipped  in  acetone  to  remove  the  non- 
irradiated  resin  regions. 

(ii)  Physical  etching  [10,  11] 

After  annealing  at  393  K,  films  were  introduced  in  the  place  of  the  target  in  the  same 
sputtering  chamber  than  the  one  used  for  depositing  them.  A  10  W  Ar  plasma  was  used  (5  Pa  Ar)  and 
duration  of  the  etching  was  chosen  according  to  the  required  rib  depth.  After  etching,  layers  were 
dipped  in  a  commercial  removal  to  remove  the  remaining  resin  regions. 
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3.  Results  and  discussion 

Two  chalcogenide  glasses  were  chosen  for  the  realization  of  the  future  monomode 
waveguides:  Ge28Sbi2Se6o  and  GejsAsnSess.  Both  glasses  can  be  obtained  commercially  and  present 
satisfying  characteristics.  They  are  characterized  by  high  glass  transition  temperatures  (551  K  for  the 
first  one  and  635  K  for  the  second  one),  that  is  not  negligible  for  their  future  utilization.  They  present 
a  wide  transmission  window  (1-14  microns  for  Ge28Sbi2Se6o  and  0.8-16  microns  for  GesaAs^Sess)  : 
components  based  on  these  glasses  could  then  work  in  the  infrared  but  also  at  the  telecommunication 
wavelength  of  1.55  pm.  These  glasses  are  also  charaeterized  by  high  refraction  index  (2.6266  for  the 
first  one  and  2.5469  for  the  second  one  at  1.55  pm). 

The  selected  glasses  were  deposited  in  the  form  of  thin  layers  and  the  deposition  parameters 
were  optimized.  Good  adherence  of  the  films  is  now  currently  obtained,  whatever  the  deposition 
method  (RP-sputtering  or  thermal  evaporation)  and  the  substrate  (microscope  slide  or  Si/Si02)  used. 
Characteristics  of  the  films  are  also  controlled.  Two  typical  examples  for  films  of  each  composition 
are  given  in  Table  1 . 

Table  1 .  Typical  characteristics  for  the  two  families  of  films  :  composition  obtained  by  EDS, 

thicknesses,  refractive  indexes  at  two  different  wavelengths  and  absorption  coefficients  of  two 

films  given  by  ellipsometry. 


Film 

e(pm) 

n  (1.55  jxm) 

n  (He-Ne) 

k  (He-Ne) 

Ge2iSbi8Se6i 

1.2 

2.78 

3.40 

~0.1 

GC29ASi2Se59 

1.9 

2.25 

2.35 

~0 

These  characteristics  are  representative  of  all  the  deposited  films.  Some  comments  can  be 
made  about  them.  Film  thicknesses  obtained  either  by  ellipsometry  or  by  profilometry  were  proved  to 
be  similar.  As  expected  for  films  deposited  by  thermal  evaporation,  composition  of  the  “Ge2gSbi2Se6o” 
films  is  quite  different  from  the  one  of  the  bulk.  The  atomic  percentage  in  germanium  varies  from  20 
to  23  percents  compared  to  the  expected  28,  the  one  in  antimony  from  16  to  19  instead  of  expected  12. 
The  atomic  percentage  in  selenium  was  proved  to  be  less  modified  and  constant  at  about  61  percents. 
Compositions  of  the  “GejsAsnSess”  films  deposited  by  RF-sputtering  are  also  somewhat  different 
from  the  one  of  the  bulk,  but  quite  constant.  Refraction  indexes  of  the  Ge28Sbi2Se6o  and  GcsjAs^Sess 
bulk  glasses  are  known  to  be  2.6266  and  2.5469  at  1.55  pm  respectively.  The  difference  between 
these  values  and  the  ones  obtained  for  our  films  can  be  attributed  to  the  difference  in  composition.  To 
end,  the  precision  in  the  absorption  coefficients  is  poor  (correct  values  can  differ  by  a  factor  of  2) 
because  the  region  in  which  they  have  been  measured  is  very  close  to  the  absorption  edge  of  the 
chalcogenide  glasses. 

Two  multimode  planar  waveguides  were  then  fabricated  by  stacking  different  films.  They 
were  both  constituted  of  three  layers,  two  external  RF-sputtered  Ge29Asi2Se59  films  constituting  the 
clad  and  an  inner  thermal  evaporated  Ge2iSbi8Se6i  film  constituting  the  guiding  core.  Thickness  of 
tliese  layers  was  estimated  by  profilometry:  the  two  external  layers  are  characterized  by  a  thickness  of 
around  3.5  pm  and  the  inner  layer  by  a  thickness  of  around  4.5  pm.  In  the  waveguide  called  W|,  the 
layers  were  deposited  on  an  oxidized  silicon  substrate,  while  in  the  one  called  W2,  they  were 
deposited  on  a  microscope  slide  substrate.  After  cleavage  to  obtain  plane  facets,  these  two  waveguides 
were  tested  at  1.55  pm.  To  date,  no  guiding  test  has  been  performed  at  higher  wavelengths  because 
the  sources  were  not  available. 

Fig.  la  shows  the  output  of  the  waveguide  Wj  through  the  inner  Ge2iSbi8Se6i  clad  layer,  and 
Fig.  lb  shows  the  one  of  the  waveguide  W2:  a  good  guidance  of  the  light  is  obtained  in  both  cases. 
The  guidance  quality  is  better  than  the  one  obtained  in  a  previous  work  [7].  As  shown  in  Fig.  2,  the 
output  of  the  first  planar  waveguide  made  of  a  core  Gei2.5Sb2oSe67,5  layer  and  an  inferior  Ge28Sbi2Se6o 
layer  constituting  the  clad  with  air  presented  a  granulous  aspect.  The  latter  was  attributed  to  a  damage 
in  the  layers  during  cleavage  due  to  a  lack  of  adherence  of  the  layers  on  the  substrate.  On  the  contraiy, 
the  satisfying  guidance  obtained  in  the  present  work  testify  for  a  good  adherence. 
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Fig.  1 .  Injection  through  the  Ge28Sbi2Se6o  core  layer  :  (a)  for  Wi  ;  (b)  for  W2. 


Fig.  2.  Injection  through  the  core  layer  of  the  waveguide  described  in  reference  [7]. 


Multimode  planar  chalcogenide  waveguides  are  now  currently  obtained.  The  components 
required  for  spatial  interferometry  and  environmental  metrology  applications  are  to  be  constituted 
of  monomode  waveguides,  that  is  to  say  channel  or  rib  structures  (represented  in  Figs.  3a  and  3b 
respectively).  In  both  cases,  modifying  the  initial  planar  geometry  of  the  films  is  necessary.  In  this 
context,  etching  methods  have  been  investigated. 


Chalcogenide  filn^ith  n2>  Hi 


t  I  '  >  ''  V_i.  •  /  ^  rV 

Fig.  3a.  Representation  of  the  “channel” 
structure  to  be  obtained. 


Chalcogenide  film  with  nj 


Chalcogenide  film 
with  n  >  n« 


Fig.  3b.  Representation  of  the  “rib”  structure 
to  be  obtained. 


Chemical  and  physical  etching  tests  were  performed  on  Ge29Asi2Se59  chalcogenide  films 
deposited  on  Si/Si02  substrates. 

These  tests  were  proved  to  be  very  encouraging,  since  profiles  of  the  as-obtained  steps  in 
the  glassy  films  are  good.  As  an  illustration,  SEM  photograph  of  a  physical  etched  film  and  profiles 
of  characteristic  steps  obtained  by  chemical  and  physical  etchings  are  presented  in  Figs.  5  and  6 
respectively. 


Fig.  5.  SEM  photograph  of  the  ribs  created  by  plasma  etching. 
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Fig.  6.  Rib  profiles  obtained  by  profilometry  for  films:  (a)  chemically  etched;  (b) 

physically  etched. 

Up  to  now,  tests  have  been  performed  with  only  one  mask,  so  that  the  width  of  the  steps  is 
constant  at  20  pm  approximately.  The  depth  of  the  steps  was  proved  to  be  controllable  and  to  date 
the  smallest  values  obtained  were  60-70  nm. 


4.  Conclusion 

Films  with  good  adherence  and  controlled  composition  are  currently  obtained,  whatever 
the  initial  glass  composition  (Ge33Asi2Se55  or  GeagSbnSeeo),  the  deposition  method  (sputtering  or 
thermal  evaporation)  and  the  substrate  (oxidized  silicon  or  microscope  slide)  are,  for  thicknesses  up 
to  4  microns.  Two  multimode  planar  chalcogenide  waveguides  based  upon  Ge29Asi2Se59  / 
Ge2)SbigSe6i  /  Ge29Asi2Se59  stacked  layers  were  elaborated  and  proved  to  guide  at  1.55  microns. 
Guiding  quality  was  good  but  polishing  the  entrance  surfaces  rather  than  cleaving  the  substrates 
could  still  improve  it. 

First  results  related  to  the  realization  of  channel  or  rib  waveguides  and  the  possibility  of 
modifying  the  geometry  of  the  films  were  very  encouraging.  Indeed,  two  etching  methods  (ie  Ar 
plasma  etching  and  NH4OH  chemical  etching)  were  proved  to  be  effective  on  Ge29Asi2Se59 
chalcogenide  films. 

Optimized  dimensions  of  the  waveguides  to  be  suitable  as  far  IR  waveguides  for 
astronomical  interferometry  or  as  optochemical  sensors  for  environmental  metrology  are  being 
calculated  at  the  CNM  in  Barcelone.  The  next  step  will  be  the  fabrication  and  characterization  of 
such  components  with  well  defined  geometry. 
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Fibre  optic  technology  offers  the  possibility  for  developing  of  a  variety  of  physical  sensors  for 
a  wide  range  of  physical  parameters.  The  main  advantage  of  fiber  optic  sensors  lies  in  their 
dielectric  construction,  providing  electrical  isolation,  immunity  from  electromagnetic  fields, 
small  dimensions,  and  compatibility  with  optical  fibre  technology.  A  large  number  of  fiber 
sensors  in  production  are  based  on  intensity  modulation  of  the  light  either  outside  the  fiber  or 
within  it.  In  the  case  of  intensity  sensors  the  physical  perturbation  to  be  measured  interacts 
with  the  fibre  or  some  device  attached  to  the  fibre  to  modulate  the  intensity  of  the  light  as  it 
travels  through  the  fiber.  Intensity  modulated  fiber  sensors  have  been  demonstrated  to  be 
efficient  for  different  applications.  A  variation  of  internal-modulation  sensors  are  the 
microbending-loss  sensors,  which  are  characterized  by  a  relatively  simple  construction,  good 
performances  and  compatibility  with  multimode  fibre  technology.  A  very  effective  con¬ 
figuration  for  the  microbending-loss  sensors  is  that  one  based  on  clad  mode  detection.  For  clad 
modes  detection  the  end  segment  of  the  fiber  is  bent  and  placed  in  an  integrating  sphere.  The 
use  of  chalcogenide  rather  quartz  fibre  optic  highly  increases  the  sensitivity  of  the  sensor. 

Experimental  set-up,  transmission  characteristics  and  technical  parameters  are  presented. 

(Received  June  1,  2001;  accepted  June  1 1,  2001) 

Keywords:  Fiber  optic  sensor,  Micro-displacement  sensor,  Chalcogenic  fiber,  Microbending- 
loss  sensor 


1.  Introduction 

Fibre  optic  technology  offers  the  possibility  for  developing  of  a  variety  of  physical  sensors 
for  a  wide  range  of  physical  parameters.  The  use  of  optical  fiber  samples  for  development  of  optical 
fibre  sensors  allows  to  obtain  very  high  performances  in  their  response  to  many  physical  parameters 
(displacement,  pressure,  temperature,  electric  field  etc.)  compared  to  conventional  transducers  [1]. 
The  main  advantage  of  fiber  optic  sensors  lies  in  their  all  dielectric  construction,  giving  electrical 
isolation,  immunity  from  electromagnetic  fields,  small  dimensions,  and  compatibility  with  optical 
fibre  technology.  Novel  approaches  based  on  sensor  oriented  technology  had  become  very  promising 
for  development  of  fiber  sensors  with  high  performances. 

A  large  number  of  fiber  sensors  in  production  are  based  on  intensity  modulation  of  the  light 
either  outside  the  fiber  or  within  it.  In  the  case  of  intensity  sensors  the  physical  perturbation  to  be 
measured  interacts  with  the  fibre  or  some  device  attached  to  the  fibre  to  modulate  the  intensity  of  the 
light  as  it  travels  through  the  fiber.  Intensity  modulated  fiber  sensors  have  been  demonstrated  to  be 
efficient  for  different  applications.  They  are  relatively  inexpensive,  easy  to  be  fabricated  and  suitable 
for  employment  in  harsh  environments.  A  variation  of  internal-modulation  sensors  are  the 
microbending-loss  sensors,  which  are  characterized  by  a  relatively  simple  construction,  good 
performances  [1-4]  and  compatibility  with  multimode  fibre  technology.  Depending  on  the  deformer 
design  and  material  it  is  possible  to  make  acoustic,  magnetic,  electric,  temperature,  acceleration, 
displacement  sensors,  etc.  Fiber-optic  displacement  sensors  may  have  different  important  uses,  which 
exploit  the  nonelectrical  nature  of  these  devices.  For  example  as  vibration  monitors  in  generators, 
fiber  sensors  guard  against  costly  equipment  damage  and  they  are  immune  to  the  high  electrical  noise 
that  plagues  piezoelectric  vibration  sensors.  And  in  explosive  atmosphers  (e.g.  in  mines)  fiber  sensors 
could  safely  monitor  equipment  vibration.  The  use  of  chalcogenide  rather  quartz  fibre  optic  highly 
increases  the  sensitivity  of  the  sensor.  Experimental  set-up,  transmission  characteristics  and 
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technical  parameters  of  a  fiber  optic  displacement  sensor,  based  on  clad  mode  detection,  are 
presented. 

2.  Experimental  results 

It  is  well  known  that  when  an  optical  fiber  is  bent,  its  transmission  loss  increases  as  some 
of  the  light  propagating  along  the  fiber  is  radiated  out.  Microbending  along  the  axis  of  the  fibre  cause 
mode  Periodic  perturbations  of  the  fiber  axis  result  in  strong  intermodal  power  transfer  when  the 
period  of  the  perturbation  corresponds  to  the  difference  in  propagation  constants  of  the  interactng 
modes.  Respectively,  the  power  lost  from  propagation  to  radiation  modes  is  maximum,  when  the  fibre 
spatial  bent  frequency  equals  the  difference  in  propagation  constants  between  propagation  and 
radiation  modes.  It  was  shown  [5],  that  in  the  case  of  fiber  with  power  low  index  profile,  the  spacing 
between  the  adjacent  mode  groups  is  given  by  the  following  relation; 

5pm=  [2(aA/(a+2))l/2  /a]  (m/M)(a-2)(a+2),  (1) 

were  m  is  the  mode  group  number,  a  is  the  index  profile  parameter,  A  is  the  parameter  characteri-zing 
the  difference  between  core  and  clad  indices,  a  is  the  radius  of  the  fiber,  M2  is  the  total  num-ber  of 
modes, 

m2  --  [a/(a+2)](noKa)2A.  (2) 

Parabolic  graded  index  fibers  which  have  a  constant  difference  in  propagation  constant 
between  neighbouring  modes  are  used  to  enhance  the  sensitivity  in  sensor  applications.  In  the  case  of 
optical  fiber  with  a  parabolic  index  profile  the  formula  for  a  mode  group  spacing  is  given  by  the 
relation  (5): 

6p  =  (2A)l/2/a  (3) 

If  the  microbendings  are  formed  along  the  fiber  axis  with  a  periodicity  A  that  satisfies  the 
relation  of  resonance 

6pc=  27t/Ac ,  (4) 

a  complete  conversion  of  guided  modes  to  radiation  modes  takes  place2.  The  critical  period  of 
microbends  Ac  is  determined  from  the  relation  (5): 

Ac  =  27ta/(2A)l/2  (5) 

In  the  case  of  small  distortions,  optical  power  in  the  fibre  clad  is  attenuated  proportionally  to  the 
displacement  amplitude. 

We  have  proposed  a  modified  sensor  configuration  based  on  clad  modes  detection^.  Ihe 
experimental  setup  is  presented  in  Fig.  1,  It  consists  of  a  segment  of  transmitting  optical  fibre, 
coupled  to  a  segment  of  a  multimode  fibre,  which  serves  as  a  sensor  element,  a  light  source,  a 
conventional  deformer  and  a  fotodetector  coupled  to  the  end  of  the  sensor  fiber.  The  optical  fibie 
which  serves  as  a  sensor  element  is  a  multimode  graded  index  fibre.  For  effective  clad  modes 

detection  the  end  segment  of  the  fiber  is  bent  as  represented  in  Fig.  1,  to  allow  the  clad  modes  out. 

This  bent  segment  of  the  fiber  is  placed  inside  the  integrating  sphere  in  front  of  the  photodetector. 
The  output  end  face  of  the  fiber  is  positioned  outside  of  the  integrating  sphere,  to  let  the  core  modes 
out.  By  monitoring  the  light  power  in  the  clad  modes  the  applied  displacement  can  be  detected. 


Fig.  1.  Experimental  set-up:  1  -  light  source;  2  -  microobjective;  3  -  optical  fibre;  4  -glycerine; 
5  -  deformer;  6  -  piezoelectric  transducer;  7  -  the  bent  segment  of  the  fiber;  8  -integrating 
sphere;  9  -  photodiode;  10  -  lock-in  amplifier;  1 1  -  generator. 
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The  deformer  represents  two  grooved  plates  with  five  teeth.  One  plate  of  the  deformer  is  fixed, 
and  the  other  can  be  displaced  relatively  to  the  other  by  manually  adjusting  the  differential  micrometer  or 
by  means  of  piezoelectric  transducer.  For  transmission  measurements  a  set  of  grooved  plates  of  different 
periodicity,  covering  the  range  from  1.4  to  4.0  mm  with  a  step  0.2  mm,  was  used.  Optical  transmission 
characteristics  of  the  fiber  were  measured  with  different  light  sources:  a  He-Ne  laser,  a  luminiscent  diode, 
a  diode  laser,  etc.  The  fibre  segment,  suffering  the  microbending,  is  covered  with  glycerene,  in  order  to 
facilitate  the  clading  modes  out.  Optical  transmission  characteristics  for  different  microbending  periods  are 
presented  in  Fig.  2.  It  can  be  seen  that  experimental  plot  InT  vs.  displacement  amplitude  changes 
drastically  with  the  microbending  period  A.  For  small  distorsion  amplitudes  the  transmittance  characteristic 
has  a  good  linearity  (Fig.  3). 

Microbending  losses  depend  in  a  high  degree  on  the  coupling  conditions.  In  order  to  investigate 
the  dependence  of  transmittance  characteristics  on  modes  exciting  conditions  we  examined  the  behaviour 
of  microbending  induced  optical  losses  vs.  the  position  of  injection  of  light  beam  along  the  input  fiber 
face.  A  monomode  fiber  was  used  for  selective  modes  excitation  in  a  multimode  fiber.  For  this  purpose  the 
end  segment  of  the  monomode  fiber  was  displaced  transverse  relatively  to  the  input  end  face  of  the 
multimode  sensor  fiber  to  allow  different  modes  group  excitation.  It  should  be  mentioned  that  the  number 
of  modes,  excited  in  a  graded  index  fiber  increases  by  incresing  the  distance  from  the  fiber  axis  to  the  point 
of  light  beam  focusing.  In  this  case  an  He-Ne  laser  was  used  as  a  light  sourse.  The  microbending  induced 
losses  increses  with  incresing  the  distance  of  light  spotfrom  the  fiber  axis.  The  character  of  this  increasing 
is  almost  a  monotonous  one  in  respect  to  the  period  of  microbends.  The  experimental  dependence  InT  vs. 
microbends  period  for  a  constant  displacement  amplitude  is  presented  in  Fig.  4. 


Fig.  2.  Optical  transmission  characteristics  vs.  displacement  amplitude  for  different  microbend 
periods.-  1 .4-4.0  m.  The  light  source  was  a  He-Ne  laser  coupled  through  a  90x  microobjective. 
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Fig.  3.  Optical  transmission  characteristic 
for  microbending  period  1.8  mm. 
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Fig.  4.  Transmission  vs.  microbend  period  value 
for  a  constant  deformation  amplitude  d  =  100  pm. 


An  important  resonant  character  of  this  dependence  may  be  remarked.  The  microbending 
induced  losses  reach  the  maximum  value  for  distortion  period  A  =  1 .8  mm.  The  character  of  the  curve 
presented  in  Fig.  4  correlates  with  experimental  results  presented  elsewhere  [5]. 
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For  practical  application  of  fiber  sensor  for  displacement  deteetion  the  linear  part  of 
transmission  characteristics  can  be  used  (Fig.  3). 


Fig.  5.  The  fibre  optic  displacement  sensor.  1  -  laser  diode;  2  -  transmitting  optical  fibre; 

3  -  conection;  4  -  deformer;  5  -  photodiode;  6  -  electronic  package. 

On  the  basis  of  experimental  results  we  have  developed  a  compact  model  of  fibre-optic 
displaccmcnmt  sensor,  presented  in  Fig.  5.  It  consists  of  a  diode  laser,  a  photodiode  and  an  electronic 
package.  A  diode  laser  is  coupled  to  a  multimode  transmitting  fibre  through  a  standard  optical 
connector.  The  transmitting  fibre,  about  10  m  long,  is  connected  to  a  segment  of  the  sensor  fibre.  The 
electronic  package  includes  the  power  supply,  the  preamplifier,  a  A/D  convertor,  and  a  digital 
di,splay. 


The  performances  of  the  sensor  are  presented  below: 

•  The  range  of  displacement  amplitudes  ;  0  -  60  pm; 

•  Sensitivity  :  0.1  mV/  pm; 

•  The  dynamic  range  :  ~  55  dB; 

•  Resolution  :  0.1  pm; 

•  Deviation  from  the  linearity  :  ~  6%; 

•  Error  :  2.8  %. 
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The  investigations  of  light-stimulated  structural  transformations  in  chalcogenide  glasses  are 
expanded  towards  multilayer  structures  with  nanometer-scale  components.  The  results  of 
optical  recording  experiments  and  the  new  details  of  the  recording  mechanisms  are  reviewed. 
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1.  Introduction 

Amorphous  semiconductors  emerge  in  a  wide  class  of  glasses,  amorphous  organic  and 
inorganic  materials.  They  are  attractive  objects  for  theoretical  and  applied  investigations  on  structure- 
dependent  optical,  electrical  and  other  characteristics  in  bulk  or  thin  film  structures,  owing  to  the 
existing  general  problems  of  ordering-disordering  in  materials  science,  charge  localisation  and 
transport  phenomena  or  to  the  applications  in  optics,  optoelectronics  [1-3].  Advanced 
nanotechnologies  and  nanophysics  widely  use  amorphous  semiconductors  as  basic  components  in 
atomic  engineering  of  new  materials,  electronic  devices  [4,5].  Amorphous  Si,  Ge,  Se  and 
chalcogenides  are  the  most  knowm  and  investigated  in  connection  with  the  problems  of  tailoring 
optical  and  electrical  parameters  due  to  the  nanometer  scaling  [6-9].  Experimental  investigations  are 
mostly  conducted  on  a  superlattice-type  structures,  which  allow  us  to  simplify  the  sample  technology 
and  the  analysis  of  the  results  [10,1 1]. 

Optical  recording  processes  have  become  of  special  interest  besides  usually  investigated 
degradation,  shift  of  the  optical  absorption  edge,  luminescence  in  nanostructures. 
a-Se/  AS2S3  nanolayered  structures  (NLS)  seems  to  be  up  tonow  the  most  interesting  for  amplitude- 
phase  optical  recording  in  a  real  time-scale  [12,13],  while  SexTei.x-containing  NLS  are  promising  as 
photoconductive  materials  for  electrophotography  [14,15].  Both  electrophotography  and  amplitude- 
phase  relief  formation  on  a  sensitive  chalcogenide  layer  are  optical  recording  processes  or  non-silver 
photography,  but  the  first  is  determined  by  the  light-stimulated  electron  movement  while  the  last 
depends  on  the  light-  or  heat-stimulated  atomic  displacement,  structural  transformations  within  one 
phase  (amorphous-amorphous)  or  between  different  states  (amorphous-crystalline).  The  mechanism 
of  these  processes  may  be  effectively  tailored  in  nanostructures,  thanks  to  the  changes  in  electron 
spectra,  thermodinamical  and  mechanical  parameters  (defect  states,  temperature  of  crystallisation  Tc, 
diffusion,  stress).  Most  of  them  have  not  been  well  examined  so  fare.  It  is  the  goal  of  this  paper  to 
review  the  results  of  experimental  investigations  of  the  above-mentioned  nanostructures  in  regard  to 
the  well  known  electrophotography  process,  structural  transformations  in  As-(S,Se,Te)-type 
homogeneous  layers  and  to  the  less  investigated  interdiffusion  processes  in  amorphous  multilayers, 
all  of  which  can  be  modified  by  light-stimulated  transformations  and  used  for  optical  recording. 


2.  Materials,  technology  and  investigation  methods 

According  to  the  known  publications  and  experience  in  amorphous  NLS  production  the 
existing  vacuum  technology  seems  to  be  the  most  reasonable  both  in  quality  and  in  price.  Cyclic 
magnetron  sputtering  or  thermal  evaporation  can  be  used  first  of  all  [9,16-18],  but  pulsed  laser  or  e- 
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beam  evaporation  are  also  applicable  for  chalcogenides  and  other  amorphous  semiconductors.  The 
quality  of  NLS  in  all  cases  is  comparable  with  the  results,  obtained  by  plasma  CVD  for  a-Si:H  NLS 
[5].  Small-angle  X-ray  diffraction  (SAXD)  and  TEM  investigations  support  the  conclusion  that  3-10 
nm  layer  spacing  (periods  A=6-20  nm)  may  be  kept  up  to  the  total  thickness  of  NLS  <af=0.5-4  pm  with 
0.5-2  nm  thick  transition  layers  in  the  interfaces  for  different  types  of  combined  materials.  Of  course, 
it  is  difficult  to  imagine  such  amorphous  nanolayered  structure  as  ideal  crystalline  superlattice  like 
those  produced  by  MBE.  Most  likely  they  are  well  correlated  layers,  the  external  surface  of  which 
has  an  average  roughness  about  0.5-1  nm,  as  measured  by  AFM  on  NLS,  deposited  from  different 
chalcogenide  glasses  (ChG)  onto  Si-wafer,  Corning  7059,  sapphire  substrata. 

Structural  investigations  are  usually  provided  by  HRTEM  (cross-sections)  and  SAXD,  but 
optical  (Raman  scattering,  visible-  or  IR-transmission  spectra  and  optical  recording)  and  electrical 
measurements  (conductivity)  are  also  good  indirect  methods  for  monitoring  structural  changes 
(crystallisation,  interdiffusion)  in  NLS.  Since  we  are  interested  in  light-stimulated  structural 
transformations,  comparison  must  be  done  between  the  results,  obtained  at  different  radiation  energy 
densities  on  the  NLS  surface  and  at  the  simple  thermal  treatment,  annealing.  Combining  the  above- 
mentioned  direct  and  indirect  methods  of  structural  investigations  the  reliable  information  can  be 
obtained  about  the  complex  changes  in  optical,  electrical,  geometrical  parameters  and  the  structure  of 
NLS,  since  optical  image  relief  depends  on  all  of  these  parameters. 

Most  of  our  optical  recording  experiments  were  performed  with  He-Ne  laser  (A,=0.63  pm, 
output  capacity  density  P=0.8  W/cm^),  but  Ar-ion  laser  (A,=0.51  pm,  7**50  W/cm^)  and  even  pulsed 
nitrogen  laser  (A-=0.32  pm)  or  AlGaAs  LEDs  were  used  in  optical  recording  experiments. 

3.  Optical  recording  processes 

Non-silver  photography  or  optical  recording  processes  may  be  realised  in  amorphous 
chalcogenides  both  in  the  form  of  electrophotography  due  to  the  charging-  optical  discharging  or  in 
the  form  of  amplitude-phase  optical  relief  formation  due  to  the  light-stimulated  structural 
transformations.  Electrophotographic  recording  mode  is  well  investigated  and  applied  in  copying 
machines,  laser  printers  in  which  a-Se-based  photoreceptors  were  used  besides  novel  organic 
materials.  Expanding  the  electron  transport  investigations  in  amorphous  materials,  especially  the 
application  possibilities  of  ChG,  electrophotographic  recording  mode  was  performed  on  SCxTei.*- 
containing  NLS  [14,15]  and  used  for  determination  of  the  influence  of  multiple  heterostructure 
formation  on  the  sensitivity,  discharge  processes.  It  was  established  that  combining  narrow-  and 
wide-gap  ChG  in  a  periodical  structure  SexTei.x/AsySe|.y  (0.6<  x  <  0.95,  0.06  ^  y  ^  0.5)  the  total 
sensitivity  may  be  increased  up  to  one-two  orders  of  magnitude  in  comparison  with  a  homogeneous 
layer  of  mixed  composition,  especially  in  the  near-infrared  spectral  range  (see  for  example  Fig.l). 
The  dark  decay  of  the  surface  potential  slows  down  while  the  light-stimulated  discharge  accelerates, 
the  drift  mobility  of  holes  increases  [19]. 

Additional  tuning  of  these  parameters  is  possible  by  step-by-step  annealing,  which  enhances 
interdiffusion  and  leads  to  the  formation  of  multiple  heterostructures  with  variable  bandgaps  up  to  the 
total  intermixing  of  NSL  components  [11].  Thus  NLS  creation  from  appropriate  photoconductive 
ChG  and  additional  stimulated  structural  transformations  in  it  are  effective  methods  for  tailoring  the 
parameters  of  photoreceptors  for  electrophotography  [14]. 
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Fig.  1.  Spectral  dependence  of  electrophotographic  sensitivity  of  Seo.8Teo.2/Aso.o6Seo.94 
NLS  (1)  and  of  the  homogeneous  multicomponent  layer  of  the  same  composition  (2). 

As  far  as  the  interdiffusion  is  enhanced  by  thermal  annealing,  optical  recording  of  bits  or 
amplitude-modulated  image  relief  (Aa,  A/?)  may  be  realised  on  the  same  or  similar  NSL  due  to  the 
heating  by  the  focused  light  beam.  More  over,  the  method  may  be  expanded  to  the  wide  class  of 
effectively  intermixing  materials,  for  example  Si/Ge  NLS  [18].  The  problem  lies  in  the  stability  of  the 
structure  in  the  dark  at  the  given  temperatures,  i.e.  triggering  of  the  diffusion  is  necessary  for  wide 
applications,  since  the  sensitivity  of  the  process  does  not  differ  essentially  from  the  known  process  of 
laser-induced  amorphisation-crystallisation  in  Te-containing  ChG  films.  It  was  supported  by  our 
experiments  on  a  number  of  Te-based  ChG  NLS. 

The  main  attention  in  our  experiments  was  devoted  to  the  optical  recording  due  to  the  pure 
light-stimulated  effects.  Investigations  were  performed  in  NLS  both  in  a  simple  amplitude- 
modulation  mode  (Aa,  Ai?)  and  in  a  phase-modulation  mode,  which  was  realised  in  a  holographic 
experiment.  The  first  is  an  easy  method  to  control  the  type  (photo-darkening,  photo-bleaching), 
sensitivity  (usually  the  exposition  in  J/cm^,  which  is  necessary  for  achieving  certain  contrast  of  Aa/a, 
diR/R\  dynamic  range  of  stimulated  changes. 


Fig.  2.  The  optical  gap  £^*as  a  function  of  layer  spacing  in  a-Se/As2S3  NLS. 
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Since  the  changes  in  a,  R  and  n  are  connected  in  semiconductors  [1,20],  the  more  complete 
information  about  the  light-stimulated  structural  transformations  in  NLS  may  be  obtained  from 
writing-readout-erasing  experiments.  The  latter  were  investigated  mostly  in  a-Se/As2S3,  AsSe/  As2S3^ 
ASxSej.x/SeyTci.y  NLS  due  to  their  sensitivity  at  the  He-Ne  laser  radiation  wavelength.  In  general,  it  is 
imporlant  lo  adjust  the  optimal  spectral  range  of  sensitivity  to  the  recording  laser-light  wavelength.  It 
was  established  for  ChG  NLS  that  the  fundamental  absorption  edge  shifts  towards  the  increasing 
with  decreasing  layer  spacing,  i.e.  modulation  period  A.  This  shift  is  well-pronounced  for  A<\A  nm 
(see.  Fig.  ).  So  the  NLS  with  AS2S3  or  other  wide  band-gap  barriers  may  be  adjusted  to  the  optimum 
absorption  at  the  recording  wavelength.  The  relative  change  in  Aa/a,  AR/R  after  maximum 
illumination  is  about  30-50%,  therefore  certain  NLS  are  well  applicable  for  digital  optical  recording. 

There  were  not  large  differences  between  the  amplitude  (photodarkening)  or  amplitude-phase 
(holographic)  recording  efficiency  at  294  K  in  homogeneous  As2Se3,  AsSe  layers  and  AsSe/As2S3- 
type  NLS.  It  is  not  surprising,  since  the  light-stimulated  structural  transformations  are  connected  the 
chalcogen  bridge  atom  and  the  medium-range  order  dimensions  determine  the  structural 
transformations  and  the  resolution  limit  of  optical  recording  in  ChG  [14,21].  The  interdiffusion, 
internal  stress  is  small  in  this  type  of  NLS.  Not  so  in  the  a-Se/As2S3 

AsxSe]_x/SeyTei.y  and  even  a-Si/Ge  NLS,  where  photo-bleaching  takes  place  and 
interdiffusion  is  intensive.  More  over,  giant  deformations  (thickness  changes  up  to  4-5%)  occurs 
under  the  rather  low-intensity  laser  illumination  in  a-Se/As2S3  NLS,  similarly  to  the  expansion  effects 
observed  in  ChG  layers  at  high-power  illumination  [22].  The  photo-expansion  in  a-Se/As2S3  NLS  is 
opposite  to  the  small  photo-contraction,  observed  in  homogeneous  ChG  layers  and  even  in  a-Se 
layers  [23],  and  both  are  applicable  for  surface  relief  hologram  recording,  as  it  is  demonstrated  in 
Fig.3. 


Fig.  3.  AFM  picture  of  surface  holograms  recorded  on  a-Se  layer  (left)  and  a-Se/As2S3  NLS 

(right). 

Interdiffusion,  stress  relaxation,  combined  with  the  known  photoplasticity  effects  in  ChG 
[24]  may  be  involved  to  the  explanation  of  such  expansion  effects  in  NLS.  Interdiffusion  is  better 
pronounced  in  Te-based  NLS,  where  it  is  easily  activated  [17].  Stress  relaxation  must  also  be  used  for 
explanation  of  the  short-period  grating  relaxation  under  annealing. 

The  model  of  the  surface  grating  formation  by  illumination  and  its  erasing  by  heating  in  a- 
Se/As2S3  NLS  was  developed.  The  physical  basis  of  the  process  is  the  interdiffusion  of  a-Se  and 
AS2S3  resulting  the  total  volume  increase  in  comparison  with  a  total  volume  of  separated  sub-layers, 
and  the  effective  intermixing  of  components  at  short,  nanometer-size  distances.  The  concentration 
profile  C(x)  along  the  surface  (x-axis)  during  the  interdiffusion  in  z-direction  may  be  written  as: 
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where  A/’  is  coefficient,  D-the  diffusion  coefficient,  A-  the  period  of  the  NLS,  t-  the  illumination 
time.  Thus  at  the  given  dependence  of  D  on  illumination  [24]  and  the  known  dependence  of  the 
volume  (density)  on  Se  concentration  in  As2S3-Se  system  it  is  possible  to  calculate  the  stimulated 
thickness  changes  within  one  bilayer  (see.  Fig.  4)  and  in  the  NLS.  The  results  fit  experimental  data  of 
AFM  investigations  well. 


Fig.  4.  The  model  of  surface  profile  formation  during  hologram  recording;  1-  /=100  s, 

2-t=1000  s,3-r=4000  s. 

The  above  mentioned  distinctive  features  of  light-sensitive  ChG  multilayers  depend  on  the 
composition  of  combined  layers  and  on  the  nano-periodicity.  They  must  be  investigated  by  the 
complex  of  direct  and  indirect  structure-sensitive  methods. 

The  light-stimulated  contraction-expansion  effects,  especially  the  giant  photoexpansion  in  a- 
Se/As2S3  NLS  are  applicable  for  surface  relief  hologram  recording  in  the  real  time  scale,  without 
etching.  Such  relief  is  stable  at  293  K  and  hard  enough  to  make  copies  by  direct  pressing  onto  the  soft 
polymer. 


5.  Conclusions 

Nanolayered,  compositionally  modulated  structures  which  consist  of  combined  pairs  of  light- 
sensitive  and  barrier  layers  made  of  amorphous  semiconductor  chalcogenide  glasses  broaden  the 
possibility  of  tailoring  non-silver  photographic  processes,  optical  recording  parameters  and 
applications  of  this  class  of  materials. 


Acknowledgements 

The  author  is  grateful  to  colleagues  from  Lfzhhorod  and  Debrecen  Universities  for  fruitful  co¬ 
operation  and  essential  contribution  into  the  development  of  these  investigations. 


A.  Kikineshi 


References 

[1]  N.  F.  Mott,  E.  A.  Davis,  Electron  Processes  in  Non-Ciystalline  Materials,  Clarendon  Press, 
Oxford  (1979). 

[2]  A  Feltz,  Amorphe  und  Glasartige  Anorganische  Festkorper,  Acad.  Verlag,  Berlin  (1983). 

[3]  M.  I.  Maryan,  A.  Szasz,  Self-Organising  Processes  in  Non-Crystaline  Materials:  From  Lifeless  to 
Living  Objects,  ONCO  Therm,  Budapest-Uzhgorod  (2000). 

[4]  M.  O.  Vasylyev,  S.  I.  Sidorenko,  Diffusion  and  Surface  Segregation,  Kyiv  Politechnica,  Kyiv 

(1998). 

[5]  M.  Hirose,  S.  Miyazaki,  JARECT,  22,  Amorphous  Semiconductors  Technology&Devices,  OHM 
North-Holland,  147  (1987). 

[6]  H.  Hamanaka,  S.  Konagai,  K.  Murajama,  M.  Yamaguchi,  K.  Morigoki,  J.  Non-Cryst.  Sol.,  198- 
200,  808(1996). 

[7]  Gy.  Radnoczi,  B.  Petz,  Thin.Sol.  Films,  232,  68  (1993). 

[8]  A.  Kikineshi,  Optical  Engineering,  346,1040,  (1995). 

[9]  D.  Nesheva,  D.  Arsova,  Z.  Levy,  Phil.  Mag.B,70, 205  (1994). 

[10]  S.  M.  Prokes,  F.  Spaepen,  Appl.  Phys.  Lett.,  47,  234  (1985). 

[1 1]  A.  Sterr,  A.  Kikineshi,  Ukr.  Phys.  Joum.,  35, .599  (1990). 

[12]  V.  Palyok,  A.  Mishak,  1.  Szabo,  D.  L.  Beke,  A.  Kikineshi,  Appl.  Phys  A68,  489  (1999). 

[13]  A.  Kikineshi,  V.  Palyok,  A.  Mishak,  1.  Szabo,  D.  Beke,  Functional  Materials,  6,  413  (1999). 

[14]  A.  Kikineshi,  Kvantovaja  Elektronika  (Kijev),  37,  31  (1989)  (in  Russian). 

[15]  E.  Vateva,  I.  Georgieva,  J.  Non-Cryst.  Sol.,  164-166,  865  (1993). 

[16]  D.  L.  Beke,  G.  A.  Langer,  A.  Csik,  Z.  Erdelyi,  M.  Kis-Varga,  1.  A.  Szabo,  Z.  Papp,  Proc. 
DIMAT-2000,  Mat.  Sci.  Forum,  176  (2000). 

[17]  A.  Imre,  V.  Fedor,  M.  Kis-Varga,  A.  Misak,  M.  Shiplyak,  Vacuum,  50,  507  (1998). 

[18]  A  Csik,  M.  Malyovanik,  J.  Dorogovics,  A.  Kikineshi,  D.  Beke,  I.A.  Szabo,  G.  Langer, 

Journ.  Optoel.  and  Adv.  Materials,  3, 33  (2001). 

[19]  A.  Imre,  A.  Mishak,  V.  Fedor,  A.  Kikineshi,  D.  Beke,  L.  Daroczi,  J.  Steinber,  Proc.  Int.Conf. 

EL- 100,  Uzhgorod,  155  (1997). 

[20]  A.  N.  Borets,  V.  V.  Khiminets,  I.  D.  Turjanitsa,  A.  A.  Kikineshi,  D.  G.  Semak,  Slozhnije 
Stekloobraznije  Khalkogalogenidi ,  Vis.  Skola.,  Lviv  (1987)  (in  Russian). 

[21]  A  A.  Kikineshi,  Optical  Memory  and  Neural  Networks,  4,  177  (1995). 

[22]  Ke.  Tanaka,  Physics  and  Applications  of  Non-Crystalline  Semiconductors  in  Optoelectronics, 

NATO  ASI  Series,  3.  High  Technology,  36,  3 1  (1997). 

[23]  A.  Kikineshi,  V.  Palyok,  M.  Shiplyak,  I.A. Szabo,  D.  L.  Beke,  Joum.  Optoel.  and  Adv.  Materials, 

2,95  (2000).  .  . 

[24]  S.  V.  Nemilov,  K.  Tagantsev,  Fizika  i  Khimija  Stekla,  7,  195  (1981)  (in  Russian). 


Journal  of  Optoelectronics  and  Advanced  Materials  Vol.  3,  No.  2,  June  2001,  p.  383  -  388 


FORMATION  OF  PROFILED  HOLOGRAPHIC  DIFFRACTION 
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The  method  of  blazed  holographic  diffraction  gratings  fabrication  by  transformation  of  an 
original  symmetric  grating  grooves  into  asymmetric  ones  using  inclined  vacuum  deposition  of 
silver  and  additional  chemical  etching  have  been  developed.  As  photoresist  material  for 
gratings  recording  light-sensitive  chalcogenide  glassy  As2Se3  layers  were  used.  The  shape  of 
grating  grooves  was  determined  with  an  atomic  force  microscope.  Angular  and  spectral  dependencies 
of  the  diffraction  efficiency  of  the  gratings  were  found,  and  a  relation  between  optical  features  and  the 
grating  surface  pattern  was  analyzed. 
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1.  Mtroduction 

Profiled  (blazed)  gratings  make  it  possible  to  concentrate  energy  in  a  given  spectrum  range.  Of 
special  interest  are  profiled  holographic  gratings  (PHGs),  since  they  combine  the  advantages  of  ruled 
gratings  with  those  of  conventional  (unprofiled)  holographic  gratings  (CHGs),  namely,  high  diffraction 
efficiency  in  a  given  spectrum  range  and  low  level  of  light  scattering.  There  are  two  methods  of  blazed 
grating  production;  recording  of  interference  fringe  fields  in  photoresist  materials  using  special 
exposing  techniques,  or  transformation  of  conventional  holographic  gratings  with  symmetrical 
grooves  into  triangular  groove  grating  by  ion  etching  or  another  additional  treatments  [1]. 

The  recent  trend  in  CHG  technology  is  the  use  of  light-sensitive  chalcogenide  glassy 
semiconductor  (CGS)  films  [2-5].  Vacuum-evaporated  layers  of  chalcogenide  glasses  (for  example 
As2Se3,  AS2S3,  or  As-S-Se  composition)  have  shown  to  be  a  good  registering  media  for  holographic 
relief  pattern  fabrication  due  to  its  high  resolution,  optical  uniformity,  sensitivity  to  the  irradiation  of 
available  lasers  and  absence  of  shrinkage  under  treatment.  Due  to  light-induced  structure 
transformations,  their  solubility,  particularly,  in  organic  alkaline  solvents,  changes.  Based  on  this  effect, 
high-quality  symmetric  CHGs  were  obtained  with  spatial  frequencies  in  the  range  of  600  to  3600  mm" 
'  and  diffraction  efficiencies  up  to  80%  in  polarized  light  [2-5]. 

One  of  today's  problem  in  this  field  is  the  transformation  of  symmetric  CGS-based  CHGs  into 
asymmetric  ones.  Publication  [5]  reports  PHGs  prepared  by  ion  etching  of  symmetric  CHGs  formed  on  CGS 
films.  The  unique  properties  of  CGS  films  allow  for  other,  unusual,  methods  for  transforming  their  surface 
pattern.  In  [6,  7],  we  developed  a  method  of  fabricating  blazed  holographic  gratings.  In  this  method, 
symmetric  grooves  of  an  original  grating  are  made  asymmetric  by  using  additional  oblique  monochromatic 
or  polychromatic  irradiation  and  chemical  etching  of  the  irradiated  grating. 

In  this  work,  we  made  an  attempt  to  fabricate  PHGs  through  interactions  that  take  place  when  silver 
layers  are  vacuum-deposited  onto  CGS  films.  Ag-CGS  interaction  begins  during  deposition  [8]  and  continues 
at  a  different  rate  (depending  on  a  specific  Ag-CGS  system)  after  the  deposition  process  is  terminated  [9]. 
The  metal  penetrates  into  the  semiconductor  to  form  a  metal-enriched  (to  several  tens  of  atomic 
percent)  phase.  This  phase  differs  in  properties  Irom  both  the  metal  and  the  semiconductor  [10,  11]. 
Profiling  was  accomplished  by  transforming  original  symmetric  (unprofiled)  gratings  written  on  CGS  films. 
Here,  we  took  advantage  of  the  fact  that  the  etching  selectivity  for  Ag-doped  CGS  films  is  much  higher  Ilian  the 
photoinduced  selectivity. 

In  this  work  we  used  most  sensitive  As2Se3  layers  and  amine-based  negative  etching  solution. 
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The  rate  of  interaction  between  As2Se3  and  Ag  is  one  of  the  highest  among  CGS-Me  systems:  intense 
interaction  proceeds  both  during  and  after  deposition  of  the  metal  even  at  room  temperature  [9]. 

2.  Experimental  procedures 

The  original  holographic  gratings  were  produced  as  usually  by  recording  of  a  stationary 
interference  fringe  field  onto  As2Se3  films  (thickness  of  800-1000  nm)  deposited  onto  high-quality  polished 
glass  substrates  by  thermal  vacuum  evaporation.  The  interferential  pattern  was  generated  by  a  He-Ne 
laser  (wavelength  of  632.8  nm)  using  the  holographic  setup  assembled  by  the  wave-amplitude 
division  method.  The  spatial  frequency  of  tlie  gratings  was  600  mm"'  and  radiant  exposure  was  ~]0'' 
J/cm^.  After  exposure,  the  samples  were  chemically  treated  in  an  amine-based  alkaline  solution  to  form  a 
relief  pattern. 

The  next  step  was  profiling.  A  thin  (1-10  nm)  Ag  layer  was  deposited  on  the  gratings  at  a  certain 
angle  cp  vaiying  from  10°  to  80°  with  respect  to  the  normal  to  the  grating.  The  grating  was  mounted  in  such  a 
way  that  the  flux  of  evaporated  silver  was  directed  normally  to  the  grooves.  Ag  penetrates  into  the  AsaSea 
layer  during  and  after  deposition  as  a  result  of  chemically  and  thermally  stimulated  diffusion  to  form  a 
metal-enriched  semiconductor  layer  (reaction  product).  The  etch  rate  of  Ag-doped  CGS  films  in 
alkaline  etchants  is  much  lower  than  for  undoped  ones;  therefore,  in  subsequent  etching  of  the  grating, 
the  former  served  as  a  protective  mask.  Unprotected  regions  of  the  AsaSea  layer  were  etched  off,  and  the 
grating  grooves  became  asymmetric.  Profiling  was  performed  in  the  same  amine-based  etchant,  which 
was  used  to  pattern  the  original  gratings. 

To  estimate  the  profiling  effect,  we  recorded  angular  and  spectral  dependencies  of  the  absolute 
diffraction  efficiency  t)  for  the  original  and  transformed  gratings  in  the  first  diffraction  order  (q  is  defined 
as  the  ratio  of  the  first-order  diffraction  intensity  to  the  incident  intensity).  Prior  to  optical 
measurements,  the  original  and  profiled  gratings  were  covered  by  a  100-nm-thick  reflection  aluminum 
film.  Angular  dependencies  (P  is  the  angle  of  light  incident)  of  T|  were  measured  using  He-Ne  laser 
(P=  0°-80°).  Spectral  measurements  were  carried  out  using  the  setup  close  to  the  Littrow's 
autocollimation  scheme;  the  angle  between  the  incident  and  diffracted  beams  was  about  8°,  and  the 
spectral  range  was  400-800  nm.  Both  the  spectral  and  angular  dependencies  of  q  were  measured  for  s- 
and  /7-polarized  light  (E  is  perpendicular  and  parallel  to  grooves,  respectively),  as  well  as  for  unpolarized 
light. 

The  surface  pattern  of  the  gratings  was  examined  with  a  Dimension  3000  scanning  probe 
microscope  (Digital  Instruments)  in  the  AFM  tapping  mode. 

3.  Results  and  discussion 

The  geometric  and  diffraction  properties  of  the  as-prepared  and  profiled  gratings  show  that 
the  effect  of  profiling  depends  on  many  parameters:  the  groove  profile  of  initial  gratings  (which,  in  its 
turn,  depends  on  several  parameters,  as  well),  the  angle  of  deposition  and  the  amount  of  Ag  deposited, 
time  of  Ag-As2Se3  interaction  and  additional  etching.  This  allows  us  to  assume  that  the  properties  of 
PHGs  thus  obtained  can  be  varied  in  wide  limits.  On  the  other  hand,  it  becomes  difficult  to  estimate  the 
relative  contribution  of  the  above  factors  to  the  PHG  performance.  In  general,  they  can  be  subdivided 
into  three  groups:  those  associated  with  the  CGS  film  (primarily  its  thickness  and  deposition  rate),  those 
that  govern  the  fabrication  of  the  symmetric  grating,  and  those  closely  related  to  Ag-CGS  interaction. 

The  first  two  have  been  much  studied.  Empiric  experimental  studies  and  numerical  simulation 
of  gratings  recording  in  CGS-based  inorganic  resists  have  been  performed  [2,  3],  These  experiments 
and  also  the  simulation  of  surface  patterning  suggest  that  not  only  the  depth  but  also  the  shape  of  the 
pattern  depends  on  the  initial  thickness  of  the  layers,  their  properties,  exposure  conditions,  etch  time, 
and  etchant  selectivity.  Holographic  diffraction  gratings  with  grooves  of  sinusoidal  and  cycloidal 
shapes  have  been  obtained. 

We  performed  experiments  with  gratings  that  had  sinusoidal  grooves,  which  are  the  most 
studied.  Fig.  1  shows  a  typical  AFM  image  of  the  original  symmetric  grating  with  a  spatial  frequency 
of  600  mm'‘.  The  depth  of  the  grooves  is  ho  =  150  nm;  hence,  the  modulation  depth  h(/d=  0.09  (the 
period  of  the  grating  is  1667  nm).  The  mean  angle  of  inclination  of  the  facets  (facet  angle)  is  -10°,  the 
steepest  being  15°.  The  spectral  and  angular  dependencies  of  q  of  such  gratings  was  symmetrical 
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(within  the  accuracy  of  measurement:  2%  for  angular  and  5%  for  spectral  measurements)  when  they 
were  irradiated  from  opposite  directions  perpendicular  to  the  grooves. 


Fig.  1 .  Groove  profile  in  the  initial  symmetric  holographic  Fig.  2.  Groove  profile  in  the  grating  transformed 
grating.  fi-om  the  initial  grating  shown  in  Fig.  1 . 

Fig.  2  shows  the  profile  of  a  typical  asymmetric  grating  made  from  a  symmetric  one  by 
additional  evaporation  of  a  silver  film  of  thickness  {h^g}  =3.6  nm  (this  value  is  averaged  over  the  grating 
area)  at  50°  to  the  normal  to  the  substrate  surface,  and  subsequent  etching.  The  groove  depth  in  the 
asymmetric  grating  is  more  than  twice  that  in  the  initial  one,  355  nm,  and  the  modulation  depth  is  h(/d  = 
0.21.  The  minimum  is  469  nm  away  from  the  left  peak  and  1198  nm  from  the  right  one;  that  is,  the 
projection  of  the  larger  facet  onto  the  substrate  surface  is  nearly  three-fourths  of  the  grating  period.  The 
smaller  facet  has  a  gradually  increasing  steepness  with  an  average  angle  of  37°  with  respect  to  the 
substrate.  The  larger  facet  can  be  divided  into  three  parts:  top  (gently  sloping),  middle  (nearly  a 
plateau),  and  bottom  (the  steepest  portion).  The  height  of  the  gentle  (top)  portion  somewhat  exceeds 
the  groove  half-height;  here,  the  average  inclination  is  about  10°.  The  inclination  of  the  bottom  portion  is 
close  to  the  maximum  steepness  of  the  smaller  facet.  On  average,  the  larger  facet  angle  is  about  1 6° 
with  respect  to  the  substrate. 

From  a  comparison  between  the  groove  shapes  of  the  initial  and  transformed  gratings,  it  follows 
that  the  front  facets  of  grooves  of  the  initial  grating  (Ag  were  deposited  onto  tliese  facets)  remain 
practically  intact  after  etching.  This  means  that  the  reaction  product  nearly  completely  protected  the  CGS 
layer  from  dissolution  during  profiling  etching.  The  first  (gentle)  portion  of  the  larger  slope  virtually  copies 
the  profile  of  the  initial  sinusoidal  grating.  The  back  facets  were  affected  by  etching  much  more 
noticeably.  Here,  small  plateaus  correspond  to  the  partially  etched  bottom  part  of  the  initial  grating 
relief. 


Fig.  3.  Angular  dependencies  of  the  diffraction  efficiency  of  the  PHG  for  light  polarized 
parallel  to  the  groove  direction.  Wavelength  is  632.8  nm. 
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The  asymmetry  of  blazed  grating  is  also  displayed  in  angular  and  spectral  dependencies  of 
diffraction  efficiency.  For p  polarization,  the  angular  dependencies  are  plotted  in  Fig.  3.  Here,  curves  1 
and  2  were  obtained  when  light  was  incident  on  the  larger  and  the  smaller  facet,  respectively.  For 
normal  incidence  O  =  0,  symmetric  arrangement  of  diffraction  orders),  the  diffraction  efficiencies 
measured  on  the  two  facets  differ  by  a  factor  of  8.5.  This  points  to  the  considerable  asymmetiy  of  the 
groove  shape.  For  the  larger  facet,  the  maximum  efficiency  was  observed  when  the  angle  of  incidence 
was  close  to  the  mean  facet  angle.  For  the  smaller  one,  two  peaks  appear:  the  angular  position  of  one 
of  them  (-50°)  is  close  to  the  mean  slope  of  this  facet,  while  that  of  the  other  (20°)  coincides  with  the 
position  of  the  peak  from  the  larger  facet  and  is  likely  to  be  associated  with  rereflections  of  the  light 
incident  on  the  larger  facet.  The  share  of  total  energy  accounted  for  by  conjugate  diffraction  orders  is 
maximal  at  20°;  in  other  words,  the  maximum  amount  of  light  is  reflected  and  rereflected  at  this  angle. 

For  s-polarization  we  also  obtained  asymmetrical  angular  dependence  but  unlike polarization, 
here  distinct  anomalies  are  observed.  The  anomaly  at  (3  =  15°  is  associated  with  the  disappearance 
(appearance)  of  the  second  order;  while  that  at  38°,  with  the  appearance  (disappearance)  of  the 
conjugate  order.  The  anomalies  are  more  pronounced  for  the  reflection  from  the  smaller  facet  possibly 
because  of  the  greater  effect  of  the  larger  facet  on  the  smaller  than  vice  versa.  Thus,  the  angular 
dependencies  in  the  case  of  p  polarization  more  adequately  depict  the  groove  shape. 

Spectral  dependencies  of  the  diffraction  efficiency  for  unpolarized  light  that  were  measured  in 
tlie  autocollimation  regime  for  the  blazed  grating  (curve  1  correspond  to  the  bigger  facet  illumination, 
curve  2  -  to  that  of  the  smaller  facet),  and  for  the  symmetric  grating  (curve  3)  are  shown  in  Fig.  4. 
Throughout  the  spectral  range  (400-800  nm),  the  diffraction  efficiency  for  the  larger  facet  exceeds  that  for 
the  smaller  one.  For  wavelengths  of  620, 660,  and  700  nm,  these  values  differ  by  a  factor  of  5.7,  4.5,  and 
4.5,  respectively.  Also,  the  efficiency  for  the  larger  facet  exceeds  that  for  the  symmetric  grating,  except 
for  tlie  short-wave  part  of  the  interval . 


Fig.  4.  Spectral  dependencies  of  the  diffraction  efficiency  for  unpolarized  light. 

Simple  geometric  simulation  of  Ag  deposition  will  allow  us  to  describe  Ag-As2Se3  interaction  in 
quantitative  tenns.  Let  the  x  axis  be  directed  normally  to  the  grooves  and  the  y  axis,  normally  to  the 
substrate  (Fig.  5).  The  density  of  Ag  deposited  on  the  relief  surface  (and,  hence,  the  thickness  of  the  Ag 
film)  depends  on  the  amount  of  the  metal  evaporated  and  the  angle  between  the  Ag  flux  and  each 
specific  deposition  area  on  the  surface.  Then,  the  thickness  of  the  metal  at  a  point  x  in  the  cross  section 
perpendicular  to  the  grating  relief  is  given  by 

=Kcos0(x),  0) 

where  Kisa  proportionality  coefficient,  which  depends  on  the  amount  of  Ag  deposited,  and  &(x)  is 
the  angle  of  incidence  of  the  Ag  flux  on  the  groove  surface  at  the  point  x 
We  also  have 


0(x)  =  (p  -  a(x) 


(2) 
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where  cp  is  the  angle  of  incidence  of  the  Ag  flux  on  the  substrate  that  is  reckoned  from  the  normal  to 
the  substrate  and  a(x)  is  the  groove  inclination  to  the  flat  surface  of  the  substrate  at  the  point  x. 

Equation  (1)  is  valid  if  the  sticking  coefficient  of  the  metal  is  independent  of  the  angle  of 
incidence  on  the  CGS  film  surface  and  on  the  amount  of  the  metal  deposited.  The  profile  of  the  initial 
sinusoidal  grating  is  described  by  the  expression 

h(x)  =  ( V2)(  1  +  cos(2nx/d)),  (3) 

where  d  is  the  grating  period  and  ho  is  the  height  of  the  profile. 

The  inclination  of  this  grating  surface  to  the  substrate  surface  is  then  expressed  as 

a(x)  -  arctan{[iih(/d] [-sm(lTVc/d)]},  (4) 

Fig.  5  illustrates  the  distribution  of  the  Ag  film  thickness  along  the  groove  of  the  initial 
grating.  The  thickness  was  calculated  by  formulas  (1),  (2),  and  (4).  Comparing  this  distribution  with 
the  distortions  of  the  initial  grating  due  to  the  metal  deposition  and  subsequent  etching,  one  can 
conclude  that  etching  is  virtually  absent  for  h4f,(x)  >  3  nm.  When  hf^(x)  is  less  than  3  nm,  the  etch  rate 
sharply  grows.  Since  the  Ag  films  (of  thickness  less  than  10  nm)  deposited  on  the  noninteracting 
substrate  are  discontinuous  (form  islands),  they  could  not  serve  as  a  protective  mask  during  profiling  etch¬ 
ing.  It  appears  that  protection  is  provided  by  the  top  metal-doped  CGS  layer.  The  Ag  thickness  critical 
for  the  formation  of  the  mask  is  seen  to  be  about  3  nm.  This  value  is  close  to  that  obtained  earlier  upon 
calculating  the  Ag  amount  incorporated  into  the  As2Se3  film  when  the  metal  is  thermally  evaporated  on 
this  film  [8].  The  etch  rate  is  maximal  at  the  point  one-fourth  of  the  period  away  from  the  top  of  the 
groove  back  facet,  where  the  Ag  thickness  estimated  is  minimal,  2.3  nm. 

Using  measurements  of  the  groove  shapes  of  the  initial  and  profiled  gratings,  an  empiric 
relationship  A/i(/?Ag)  can  be  derived,  where  dJh  is  the  thickness  of  the  As2Se3  film  dissolved  during 
etching  and  /zar  is  the  amount  of  the  Ag  deposit.  As  follows  from  correlation  analysis  data,  this  empiric 
relationship  is  fairly  accurately  approximated  by  the  sum  of  two  exponentials: 


Fig.  5.  Groove  profile  of  the  sinusoidal  grating  with  ho  =  150  nm  and  d  =  1667  nm  (Y,  dashed  line)  and 
the  distribution  of  the  Ag  deposit  along  this  groove  (hA^,  solid  line).  The  average  thick-ness  of  the 

Ag  layer  is  3.6  nm. 

A/j(/»Ag)  =  204.93exp{-(  ^  -2.412)/0.125} 

+  61.51  exp{-(  /?Ag  -  2.412)/1.553},  (5) 

With  (5),  we  simulated  the  transformation  of  the  initial  symmetric  gratings  into  asymmetric  ones. 
The  initial  grating  was  assumed  to  be  sinusoidal  with  a  modulation  depth  of  ho/d  =  0.09.  Variable 
parameters  were  angle  of  vacuum  deposition  of  Ag  and  the  thickness  of  the  metal  deposited.  Fig.  6 
shows  the  results  of  numerical  modeling  for  the  angle  of  Ag  deposition  the  same  as  for  experimental 
grating  onto  Fig.  2,  that  is  50®.  Variable  parameter  here  is  the  average  thickness  of  the  Ag  layer:  curve  1  - 
initial  grating,  curve  2  -  the  average  thickness  of  deposited  Ag  is  4.18  nm,  curve  3  —  4.02  nm,  curve  4  — 
3.86  nm. 
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Fig.  6.  Groove  profile  of  initial  grating  (curve  1 )  and  blazed  gratings  (curves  2, 3  and  4)  obtained 
after  Ag  deposition  and  etching.  Angle  of  deposition  is  equal  50^. 

We  can  see  that  as  the  Ag  film  gets  thinner  and  etching  of  the  Ag-doped  grating  becomes  selective, 
the  initially  symmetric  profile  transfonns  into  an  asymmetric  one  because  of  a  slight  (-O.Olt/)  shift  of  its 
maximum  and  a  more  considerable  (-0.054)  shift  of  its  minimum  to  the  left  of  the  initial  grating  grooves.  The 
modulation  deptli  remains  practically  unchanged  in  this  case,  since  the  minimum  and  maximum  lower 
roughly  equally.  With  further  decreasing  of  Ag  thickness,  tlie  groove  shape  can  be  approximated  by  an 
asymmetric  trapezoid.  The  modulation  depth  in  such  a  grating  is  somewhat  larger  than  in  the  initial  symmetric 
one.  As  Ag  thickness  continues  to  decrease,  the  groove  shape  becomes  nearly  triangular,  the  projections  of  the 
groove  facets  on  the  x  axis  being  about  OJd  for  the  larger  and  0.3c/  for  the  smaller.  For  an  extremely  thin 
Ag  film,  the  larger  facet  has  two  drastically  differing  slopes  because  of  a  sharp  increase  in  the  etch  rate.  The 
maximum  ratio  of  the  facet  projections  is  -0.12M2Sd  in  this  case. 

4.  Conclusion 

The  simple  method  of  PHGs  fabrication  by  additional  treatment  of  initial  gratings  with 
symmetrical  grooves  have  been  developed.  The  blaze  angle  in  the  PHGs  depends  on  the  modulation  depth  of 
the  initial  sinusoidal  gratings  and  also  on  the  angle  and  the  thickness  of  Ag  deposition.  The  method  enables 
recording  of  grating  with  designated  blaze  angle  by  changing  the  original  grating  formation  parameters 
and  the  additional  treatment  conditions.  The  maximum  value  of  absolute  diffraction  efficiency  of  obtained 
PHGs  reached  60%  for  non-polarized  light  in  the  spectral  range  corresponded  to  a  blaze  angle. 
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In  this  work  is  presented  the  research  on  thin  films  of  chalcogenide  glassy  semiconductors  as 
the  medium  for  relief  holograms  record.  The  optimization  of  photoresist  has  allowed  for  an  an 
essential  rise  in  sensitivity  to  light.  AssoSe  50  photoresist  composition  on  which  above 
thousandfold  chemical  amplification  of  holographic  record  is  achieved,  was  used.  Diffraction 
gratings  in  range  of  spatial  frequencies  600  -  2400  mm'‘  are  submitted.  For  natural  light  the 
magnitude  of  diffraction  efficiency  exceeds  70  -  80  %  at  measurements  in  autocollimator 
conditions.  The  probable  cause  of  differences  between  continuous  and  pulse  irradiation  of  thin 
films  of  chalcogenide  vitreous  semiconductors  is  discussed, 
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1.  Introduction 

The  change  of  optical,  physical  and  chemical  properties  of  thin  films  of  chalcogenide  vitreous 
semiconductors  (ChVS)  under  the  influence  of  a  band-gap  irradiation  is  a  subject  of  research  during 
more  than  30  years.  One  of  the  directions  of  such  researches  is  the  analysis  of  photoresistive 
properties  [1-4].  The  materials  from  this  class  was  investigated  also  as  electron-beam  [5]  X-ray  [6] 
and  ion-beam  resists  [7].  As  a  result  of  actinic  irradiation  and  subsequent  chemical  treatment,  were 
obtained  structures  for  microlithography,  for  the  production  of  holographic  diffraction  elements, 
kinoforms  and  optoelectronic  elements  [1-9]. 

The  photoresistive  properties  of  the  whole  class  of  ChVS  thin  films  were  studied.  Chemical 
increase  of  phase  component  of  an  optical  record  resulted  into  reduction  of  exposure  necessary  for 
maximum  diffraction  efficiency.  This  is  equivalent  to  the  increase  of  material  sensitivity.  The  task  to 
work  out  photoresistive  process  was  solved  not  for  all  investigated  structures  [10],  A  broad  spectrum 
of  the  characteristics  of  such  inorganic  photoresists  was  obtained  [1-4,  8-11].  However  it  is 
impossible  to  consider  that  the  optimization  of  the  photoresists  of  this  type  is  reached. 

The  selection  of  structures  for  research  as  photoresists  is  connected,  first  of  all  with  the  value 
of  photoinduced  changes  in  optical  constants.  Usually  the  exposure  of  ChVS  thin  films  to  optical 
irradiation  from  a  continuous  source  is  investigated.  There  are  few  works  that  report  the  results  of  a 
pulse  illumination  of  such  registering  medium  [12-14],  The  parameters  of  photoresists  on  the  basis  of 
ChVS  after  the  pulse  action  were  not  considered  by  other  authors. 

The  purpose  of  the  present  work  was  the  research  photoresistive  properties  for  several 
compositions  of  thin  ChVS  films.  As  a  result  of  the  preliminary  analysis  for  optimization  the  binary 
structure  As-Se  is  selected.  Two  regimes  of  exposure  were  investigated:  continuous  and  pulse  ones. 
For  both  cases  the  reflective  holographic  diffraction  gratings  are  obtained.  In  this  work  their 
parameters  are  presented.  On  the  basis  of  our  views  on  optical  record  mechanism  in  the  thin  ChVS 
films  and  available  experimental  data,  the  observed  difference  in  sensitivity  for  a  continuous  and 
pulse  exposure  is  discussed. 
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2.  Experimental 

For  experiments  thin  ChVS  films  of  several  compositions  were  selected.  The  initial  bulk 
glasses  were  synthesized  in  the  vacuum-evacuated  quartz  ampoules.  The  thin  films  were  produced  by 
a  thermal  deposition  in  vacuum  10'^  Pa  onto  oxide  glass  substrates.  For  the  production  of  holographic 
diffraction  gratings  the  specially  produced  glass  plates  with  high  surface  quality  were  used.  The 
thickness  during  deposition  was  controlled  by  an  interference  method  on  a  wavelength  outside  of  area 
of  ChVS  sensitivity  (A.  =  1.15  pm).  The  uniformity  of  thickness  was  reached  due  to  the  planetary 
rotation  of  samples  during  deposition.  The  evaporation  was  from  tantalum  effusion  cells.  The  velocity 
of  evaporation  was  50-70  A/s.  The  composition  of  initial  ChVS  and  vapour-deposited  film  was 
controlled  by  electron  microprobe  X-ray  spectral  analyses.  The  deviation  for  As-Se  films  did  not 
exceed  2  at.  %.  The  holographic  diffraction  gratings  were  recorded  according  to  the  symmetrical 
scheme  of  a  double-beam  interferometer.  The  flatness  of  registration  of  an  interference  pattern  was  set 
normal  to  bisectrix  of  angle  between  the  light  beams.  In  the  result  the  sinusoidal  distribution  of  an 
interference  pattern  was  converted  into  a  surface  relief  with  a  symmetrical  profile.  The  continuous 
record  was  carried  out  on  the  two  wavelengths  of  the  Argon-ion  laser  (0.48  and  0.51  pm).  For  a  pulse 
record  the  phosphate  neodymium  glass  laser  irradiation  was  used.  The  exposure  was  made  by  single¬ 
pulses  with  duration  40  ns  on  the  wavelength  0.53  pm.  Besides,  the  processes  of  optical  record  were 
investigated  on  wavelengths  of  He-Ne  laser  (0.63  pm)  and  Cu  laser  (0.51  pm)  with  pulse  repetition 
frequency  9  KHz.  In  some  cases  the  dye  laser  was  applied  and  the  wavelength  range  0.45  -  0.60  pm 
was  investigated. 

In  the  work  we  used  successive  and  simultaneous  effect  of  optical  irradiation  of  two 
wavelengths  on  one  and  the  same  film  area.  Thus  the  radiation  with  the  greater  wavelength  was 
entered  into  a  film  with  the  help  of  prism  coupling  element  [15,16]. 


3.  Results  and  discussion 

The  maximum  ChVS  thin  films  etching  selectivity  of  a  number  of  compositions  are  given  in  the 
Table  1.  The  selectivity  was  determined  as  a  velocity  ratio  of  etching  of  the  exposed  and  not  exposed  film 
areas.  The  exposure  was  carried  out  until  saturation.  All  the  presented  photoresists  in  the  selected 
conditions  of  processing  by  organic  alkalis  (water  and  aqueous-alcoholic  solutions  of  amines)  were 
negative. 


Fig.  1.  Diffraction  efficiency  versus  etching  time  in  As^oSq^o  thin  films.  The  best  results  were 

got  on  As5oSe5o  thin  films. 
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Table  1.  Experimental  values  of  etching  selectivity  for  some  photoresistive  ChVS  Thin  Films. 


Composition 

Selectivity 

Ge22As2oSe58 

5 

Ge25AsiiSe64 

2 

AS30S70 

25 

As4oS6a 

20 

4 

As3oSe7o 

5.3 

AssoSeso 

60 

As4oSe6o 

9.3 

The  films  of  such  composition  under  irradiation  of  He-Ne  laser  (0.63  i^m)  show  considerable 
changes  of  optical  constants  [17].  The  comparison  of  the  results  of  the  first  record  cycle  and  the 
subsequent  ones  demonstrates  magnitude  comparability  of  reversible  and  irreversible  changes  of 
optical  constants  [17].  At  application  of  such  ChVS  film  as  a  photoresist,  the  necessity  for  a 
preliminary  annealing  disappears,  because  both  components  give  the  contribution  to  resultant 
sensitivity.  The  selectivity  of  etching  on  the  annealed  film  essentially  decreases.  On  as-evaporated 
AssoSeso  film  the  considerable  strengthening  of  a  diffraction  grating  recorded  by  irradiation  of  He-Ne 
laser  is  reached.  In  Fig.  1  is  shown  the  dynamics  of  diffraction  efficiency  change  during  etching.  The 
initial  value  of  diffraction  efficiency  increased,  and  in  a  maximum  it  reached  1 8  %. 

During  recording  under  irradiation  from  shorter  wavelength  spectrum  area,  the  sensitivity  of 
the  ChVS  film  increases,  but  the  effective  depth  of  light  interaction  with  material,  however,  decreases. 
Therefore,  characteristics  of  a  usual  amplitude-phase  record  at  such  transition  is  aggravated.  At  the 
use  of  photoresistive  process  the  selectivity  of  etching  of  a  surface  amplitude-phase  mask  can 
compensate  this  drawback.  Considerable  increase  of  sensitivity  of  medium  can  be  reached  in  this  way. 
The  reflective  diffraction  gratings  were  obtained  in  the  field  of  spatial  frequencies  600  -  2400  mm  ’. 
Samples  by  the  sizes  200x200  mm  are  experimentally  obtained.  The  energy  density  of  an  exposure 
was  in  the  interval  0.01  -  0.03  J/cm^.  The  smaller  value  corresponds  to  as-evaporated  samples,  for 
which  the  sensitivity  drops  as  a  result  of  relaxation  processes  [18]. 

In  Fig.  2  and  3  is  shown  the  spectral  dependence  of  diffraction  efficiency  of  reflective 
diffraction  gratings  obtained  on  AssoSeso  thin  films.  The  diffraction  efficiency  in  the  first  diffraction 
order  according  to  auto-collimation  scheme  [19]  was  measured.  In  Fig.  3  besides  the  results  for 
natural  light  (curve  3),  the  values  of  diffraction  efficiency  for  two  polarizations  of  irradiation  are 
shown:  with  an  electric  vector,  directed  normally  (H-polarization,  curve  1),  and  parallel  (E- 
polarization.  curve  2)  to  the  grooves  of  a  grating. 


800  1000  1200  1400  1600  1800  2000 

wavelength, nm 

Fig.  2.  First  order  diflfraction  efficiency  of  refractive 
holographic  grating  (spatial  frequency  600  mm"*) 
in  Asso  Seso  thin  films  versus  wavelength. 


wavelength, nm 


Fig.  3.  First  order  diffraction  efficiency  of  refractive 
holographic  grating  (spatial  frequency  2400  mm'*) 
in  Asso  Seso  thin  films  versus  wavelength. 
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In  the  paper  [19]  it  was  shown,  that  the  diffraction  efficiency  of  a  grating  with  a  sinusoidal 
profile  is  maximum  at  the  altitude  of  grooves  equal  0.3  -  0.4  from  the  value  of  grating  period..  Thus,  if 
the  depth  of  a  relief  makes  0.3  from  the  value  of  the  period,  the  clearly  seen  maximum  is  watched  in 
the  field  of  low  wavelengths.  If  the  depth  of  relief  makes  0.4  from  the  value  of  the  period  -  broad 
plateau  is  seen  [19].  All  other  analysed  in  the  work  [19]  symmetrical  profiles  of  grating  grooves  are 
characterized  by  sharper  spectral  maximums  of  diffraction  efficiency.  It  is  possible  to  conclude,  that 
in  all  range  of  spatial  frequencies  the  diffraction  gratings  with  grooved  profile,  close  to  sinusoidal  and 
optimum  relief  altitude,  are  obtained  in  AssoScso  thin  films  (see  Fig.  2  and  Fig.  3).  The  record  of  high 
frequency  gratings  (2400  mm'*)  was  made  on  0.48  pm  wavelength,  and  the  rest  of  gratings  (600  and 

1200  mm'') -on  0.51  pm  wavelength  of  Argon-ion  laser. 

The  maximum  of  diffraction  efficiency  of  the  obtained  diffraction  gratings  in  natural  light 
reached  70  -  80  %.  Chemical  strengthening  and  transition  to  record  in  smaller  wavelengths  area 

allowed  to  increase  essentially  the  medium  sensitivity.  r-  •  i 

Earlier  we  conducted  researches  of  temperature  relations  of  photoinduced  changes  of  optical 
constants  and  effect  of  thermo-optical  erasure  on  ChVS  thin  films  [17,18].  The  conclusion  was  drawn, 
that  under  the  influence  of  actinic  light  the  definite  state  that  corresponds  to  conditions  of  exposure 
and  temperature  is  established  each  time  in  the  material.  The  transition  between  any  such  states  can  be 
carried  out  by  temperature  variation  of  recording  media.  There  can  be  any  direction  of  transition: 
additional  record,  if  the  medium  temperature  decreased,  or  erasure  by  the  same  irradiation,  if 
temperature  of  ChVS  thin  film  increase.  So,  in  such  materials  during  exposure  aiming  for  record  the 
opposite  process,  erasure,  takes  place.  The  saturation  of  photoinduced  changes  occurs,  when 
processes  of  a  record  and  the  erasures  balance  each  another.  The  equilibrium  can  be  shifted  in  any 

direction.  .  .  .  r.  i 

Later,  in  the  work  [12],  the  increase  of  sensitivity  of  ChVS  thin  films  was  revealed  for  a  pulse 

exposure.  Laser  irradiation  of  40  ns  pulse  duration  was  used.  It  was  supposed  that  if  pulse  duration 
and  pulse  frequency  are  small  enough,  it  is  possible  to  separate  in  time  the  processes  of  record  and 
erasure.  After  each  pulse,  the  medium  has  time  to  pass  into  the  state,  when  the  opposite  transition 
becomes  impossible.  It  corresponds  to  our  suppositions  [17,18].  In  Fig.  4  are  shown  the  results 
regarding  the  effect  on  AS40S60  thin  films  of  Cu  laser  irradiation  and  the  results  obtained  at  an 
exposure  by  continuous  Argon  ion  laser  irradiation.  The  sensitivity  and  the  level  of  saturation 
dependence  on  character  of  exposure  (continuous  or  pulse)  and  intensity  exposure  is  studied. 

The  competition  of  record  and  erasure  processes  is  revealed  in  the  effect  known  under  the 

name  "stopping -effect"  [15,16].  „ 

Intensity  of  the  mode  (I)  distributing  in  the  ChVS  thin  film  waveguide,  in  this  case  AszoSgo 
decreases,  when  the  part  of  a  waveguide  track  is  exposed  to  actinic  irradiation  (Fig.  5,  curve  1 )  After 
external  exposure  stops  the  intensity  of  a  waveguide  mode  is  restored.  The  curves  2  -  6  in  Fig.  5 
correspond  to  different  moments  of  such  exposure  ceasing.  The  greatest  mode  intensity  damping  was 
reached,  when  the  external  exposure  preceded  to  the  excitation  of  a  waveguide  mode.  Mode  intensity 
was  restored  completely,  if  under  mode  influence  the  external  exposure  ceased  (Fig.  5,  curve  8),  or 
was  established  on  a  level  corresponding  to  simultaneous  effect  of  the  both  factors  (Fig.  5,  curve  7). 

It  is  enough  to  compare  saturation  state  on  curves  1  and  8  in  Fig.  5.  This  is  equivalent  to 
separation  of  processes  of  a  record  and  erasure  on  two  wavelengths.  If  pulse  exposure  and  the 
subsequent  chemical  treatment  is  applied,  the  energetic  gain  will  be  considerable.  In  the  w'ork  the 
exposure  was  done  by  a  single-pulses  with  duration  40  ns  on  a  wavelength  of  Phosphate  neodymium 
glass  laser  (0.53  pm).  The  holographic  diffraction  gratings  formed  in  the  range  of  spatial  frequencies 
100  -  2400  mm''.  Diffraction  efficiency  of  the  got  elements  was  45  %  in  the  first  diffraction  order 

after  metallization  a  grating  surface  .The  exposure  was  3x  1 0'^  J/cm  . 

With  the  purpose  to  define  the  extreme  parameters  of  investigated  photoresists  the  range  of 
the  wavelength  0.45  -  0.60  pm  of  a  recording  radiation  was  studied.  The  exposure  was  done  by  single- 
pulses  with  duration  10  ns  by  the  Dye  laser.  It  is  found  out,  that  the  latent  image  can  be  developed 
already  at  2x10'^  J/cml  Exposure  and  the  level  of  chemical  strengthening  were  determined  as  a 
function  of  a  holographic  optical  element.  Thus,  they  can  be  varied  in  a  wide  range. 

Apart  from  periodic  structures  such  as  reflective  diffraction  gratings  in  the  work  other  types 
of  the  relief  -  phase  holograms  were  obtained  for  usage  as  master  matrixes  in  processes  of  mass 
replication  of  the  holograms  on  the  plastic  films. 
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EXPOSURE  (EJ/cm’) 


Fig.  4.  Characteristic  curves  of  the  sample  AS40S60  thin  film  under  band-gap  irradiation 
1,2  -  Argon  ion  laser  irradiation  0.2  W/cm^  and  1.0  W/cm^  respectively.:  3  -  Cu  laser 

irradiation,  4x10^  W/cm^. 


Fig.  5.  Light-operated  waveguide  in  As2oS8othin  films:  dynamics  of  switch  and  recovery. 

4.  Conclusions 

In  this  work  the  prospects  of  usage  AssoSeso  thin  films  is  shown.  Such  photoresist  films  is 
characterized  by  low  exposure  both  in  continuous,  and  in  a  pulse  regime  of  a  record  and, 
simultaneously,  high  operational  parameters. 

On  AssoSeso  thin  films  the  different  kinds  of  holographic  optical  elements  and  holograms  are 
realised  with  high  diffraction  efficiency. 

The  experimental  data  confirm  the  supposition  about  a  competition  of  processes  of  a  record 
and  erasure  during  exposure  of  the  thin  ChVS  films,  that  allows  to  vary  the  sensitivity  of  such 
materials. 

The  controlled  vacuum  deposition,  repeatability  and  uniformity  of  parameters  on  the  film 
surface,  and  the  absence  of  deformation  are  characteristic  to  organic  photoresists  during  the 
processing,  and  are  the  padding  factors,  which  are  important  for  future  applications  of  the 
chalcogenide  photoresists. 
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EVANESCENT  WAVE  RECORDING  IN  VERY  THIN  LAYERS 
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The  theoretical  background  of  optical  holographic  recording  in  very  thin  films  is  given.  The 
interference  fringes  are  stored  by  surface  -  propagating  evanescent  waves.  Such  waves  are 
created  by  the  total  internal  light  reflection  ( TIR ).  The  experimental  verification  of  the  theory 
is  made.  The  holographic  grating  with  454nm  period  has  been  recorded  in  29,  39  and  74  nm 
thick  AS2S3  films.  The  diffraction  efficiency  dependence  on  the  time  is  investigated.  The 
polarization  behavior  of  TIR  surface  holograms  is  similar  to  that  of  the  thick  Bragg  gratings. 
The  possible  applications  of  this  holographic  recording  are  also  discussed. 
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1.  Introduction 


Arsenic  trisulfide  (  AS2S3 )  films  possess  interesting  optical  characteristics  that  enable  them  to  be 
used  as  holographic  storage  media.  For  the  first  time  Keneman  [1]  has  reported  such  grating  recording  in 
evaporated  AS2S3  films.  The  diffraction  efficiency  ( DE  )  of  80%  is  obtained  in  10  pm  and  several  percent 
-  in  2pm  thick  film. 

Later  on,  Japanese  scientists  using  waveguide  technique  [2]  have  successfully  made  the  recording 
in  250  nm  AS2S3  film.  In  thinner  films  the  holographic  recording  is  possible  using  the  total  internal 
reflection  (  TIR  )  method,  first  reported  by  Stetson  [3]  The  recording  is  realized  by  the  interference 
between  TIR  reference  wave  and  plane  object  wave.  Earlier,  we  have  demonstrated  TIR  grating  recording 
in  70  nm  AS2S3  film  [4]. 

In  this  paper  we  present  for  the  first  time  the  TIR  holographic  recording  in  29,  39,  and  74  nm 
evaporated  thin  AS2S3  films. 

We  first  describe  the  principle  of  the  surface  TIR  recording  in  thin  layers.  Then,  we  show 
experimental  results  involving  the  exposure  dependence  on  DE  and  polarization  characteristics  of  the 
recorded  gratings.  Some  possible  applications  of  this  holographic  recording  are  finally  discussed. 

2.  Theoretical  background 


Let  us  consider  the  interference  between  plane  wave. 
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as  it  is  shown  in  Fig.  1, 
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The  angle  of  incidence  (p  condition  for  TIR  at  the  interface  between  optically  denser  first  medium 
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and  the  characteristic  length  ,  where 


electric  field  amplitude  E  falls  to  e  of  its  value  is  given  by 
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Fig.  1.  Optical  configuration  for  TIR  surface  holographic  recording  with  an  evanescent  reference  wave. 
Near  the  reflecting  surface  z  =  0  the  interference  pattern  is  described  by 


Ej2  =Eop=  +E^otir'^^P  +2EopEoTiR  exp  cosO 


with  the  phase 


iOp=  +  ^  OTIR  -expi  —j  ^^Op^OTIR 


Hixsin^  zn2 


If  the  second,  optical  recording  medium  is  much  thinner  that  Zq  ,  i.  Q.d«  Zq  the  interaction 
between  the  interference  pattern  and  the  recording  medium  (with  complex  refractive  index 
n  2  =  n  2  (l  +  i/C2 ) )  can  be  described,  following  Harrick  [5]  ,with  a  “effective  thickness”,  given  by 

^  4dn2niCOS^?? 

'‘■= 

2/^dn 

It  is  very  interesting  that,  in  the  case  when  — -r — ~  « 1  and  ^2  ^  does  not  depend  on  the 

Aq  • 

refractive  index  of  the  second,  recording  medium,  that  can  be  higher  than  the  refractive  index  of  the  first 
medium.  In  this  case,  the  TIR  condition  is  ^9  >  arcsin|^^ J .  For  n,  =1.5,  nj  =2.5,  and  «!7  =  45‘’  we 

have  ^  medium  interaction  can  be  neglected.  In  this  case,  the 

interference  term  can  be  written  as 

E,2  =E?p,  +  E'oTiRO-«de)  +  2EopEoTK(l-«de)cos<D  (4) 

.  .  _  n,xsin(0  ^  4mi2X'2 

here  the  phase  0)  and  the  absorption  coefficient  a  are,  respectively  ®  - and  a  =  .  i  ne 

grating  period  A  over  X  -  axis  is 


n,  sin^ 

Supposing  Eop  =EpTm  =  Eo,  the  relation  (4) can  be  written  as  Ef,  =  E?2(„=o)(l-ode  /2), 
where 
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■^12(0=0)  =  4^0  COS ^  m^x Sin (p!  Aq  (6) 

3.  Results  and  discussion 

3. 1.  Sample  preparation 

The  experiments  are  performed  with  as  -  deposited  thin  films  of  an  AS2S3  having  thickness 
between  5  and  75  nm.  The  samples  are  prepared  in  the  Central  Laboratory  of  Photoprocesses, 
Bulgarian  Academy  of  Sciences.  The  films  have  been  obtained  by  a  vacuum  deposition  of  high  purity 
AS2S3  at  a  residual  pressure  in  the  order  6.10"^  Pa.  A  deposition  rate  of  0.1  nm/s  has  been  achieved  at 
an  evaporation  temperature  of  240“C.  The  film  thickness  is  measured  by  Talystep  profilograph.  Code 
112/1037  M-S,  produced  by  Rank  Taylor  Hobson  Ltd. 

3. 2.  Optical  recording  and  measurements 

The  optical  arrangement  is  shown  in  Fig.  2.  Ar^  -  ion  laser  has  been  used  as  a  light  source. 

The  beam  intensities  are  adjusted  for  an  optimal  1  :  1  ratio  ( 10  mW/cm^  each)  with  a  beam  splitter 
(BS)  and  gray  filter  (GF). 


Af  laser  BS 


Fig.  2.  Optical  arrangement  for  evanescent  holographic  recording. 

Our  TIR  prism  is  made  of  light  crown  K  -  8  with  refractive  index  =  1 .522  for  =  488nm.  The 

angle  of  incidence  (p  is  45",  to  which  grating  period  A  =  454nm,  or  spatial  frequency  22001ine/mm  is 

corresponded.  The  polarization  of  the  monitoring  He  -  Ne  laser  is  changed  from  s  to  p  —  polarization  with 

rotator  (RP).  The  diffraction  efficiency  is  measured  with  an  Ealing  911  powermeter  through  a  red  filter 
(RF). 

The  exposure  time  is  changed  in  0.5  -  20s  region,  that  correspond  to  10  -  400m J/cm^  exposure. 

In  Fig.  3a  the  diffraction  efficiency  dependence  on  the  exposure  is  shown  for  three  different 
thickness  of  the  recording  medium  -  29,  39  and  74nm.  The  best  result  is  obtained  for  39  nm  thin  film, 
where  0.15%  efficiency  has  been  measured  The  recorded  grating  in  AS2S3  -  Cr  film  is  shown  about  three 
times  lower  efficiency,  as  it  is  clear  from  Fig.  3  -  b.  The  observed  shift  to  higher  exposures  is  possible  to 
be  explained  with  the  Cr  layer,  acting  as  a  density  filter. 

The  polarization  properties  of  the  recorded  TIR  surface  gratings  are  similar  to  that  of  thick  Bragg 
holograms.  The  theoretical  treatment  of  Gasvik  [6]  following  simple  relation 

/(©)/ /j  =  (1  -  jB)cos^  ©,  where  B-I^l  (7) 

The  polarization  dependence  of  the  diffracted  intensity  /(©)  is  shown  in  Fig.  4.  The  solid  curve 
represents  the  theoretical  calculation  after  {  7  )  for  thick  Bragg  grating.  The  azimuth  angle  of  0" 
corresponds  to  s  -  polarization  and  angle  90"  -  to  the  p  -  polarization.  The  square  points  are  measured 
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values  with  the  accuracy  of  5%.  Within  this  accuracy  limit  good  agreement  between  experiment  and 
calculation  is  observed. 


Fig.  3.  The  exposure  dependence  of  the  diffraction  efficiency,  recorded  in:  a)  -  AS2S3  film; 
b)  _  AS2S3  -  Cr  film.  The  corresponding  thickness  are:  1-  d  =  74nm;  2  -  d  =  39nm; 

3  -  d  =  29nm. 


Fig.  4.  The  polarization  azimuth  dependence  on  the  normalized  diffraction  intensity. 

4.  Conclusions 

We  have  demonstrated  for  the  first  time  a  surface  holographic  recording  in  chalcogenide  glass  using 
as  an  optical  storage  medium.  Very  thin  evaporated  AS2S3  films  have  been  used  for  its  large  photo  - 
induced  refractive  index  change.  The  recorded  TIR  holograms  have  shown  full  analogy  to  the  thick  Bragg 
gratings. 

The  independence  of  the  TIR  from  the  refractive  index  of  the  optical  storage  medium  is  also  shown 
which  is  very  important  for  the  future  applications  of  the  TIR  holographic  grating  techniques  for  surface 
investigations.  Such  recording  possesses  also  potential  applications  in  near  -  field  optics,  submicrometer 
lenses,  optical  lithography,  etc. 
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The  diffraction  gratings  in  10,  15  and  20nm  thick  AS2S3  films  are  holographically  recorded 
with  a  totally  reflected  reference  wave.  The  maximum  measured  values  of  the  diffraction 
efficiency  are  0.0005%,  0.004%  and  0.007%,  respectively.  The  exposure  dependence  on  the 
diffraction  efficiency  is  investigated.  Despite  of  the  relatively  low  efficiency,  we  succeed  in 
the  focal  plane  quasi-Fourier  USAF  test  target  holographic  recording  and  reconstructed. 
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1.  Introduction 

It  is  well  known  that  chalcogenide  glasses  are  widely  used  as  holographic  storage  media  [1], 
For  example,  thick  AS2S3  films  exhibit  large  photoinduced  changes  of  its  optical  characteristics 
essential  for  the  optical  recording.  The  value  of  the  refractive  index  change  A«  =  0.13  has  been 
reported  in  [2].  This  enable  achieving  the  diffraction  efficiency  value  up  to  80%  for  the  holographic 
grating,  recorded  in  lOpm  thick  AS2S3  films  [3]  even  in  one  of  the  first  experiments  [3],  In  the  same 
publication  Keneman  reports  several  percent  efficiency  in  2)im  thick  film.  The  reason  is  that  the 
photoinduced  refractive  index  change  An  rapidly  decreases  with  the  thickness  diminishing  and  for 
970nm  thick  AS2S3  films  is  0.056  [4].  On  the  base  of  spectrophotometric  investigations  has  been 
established  that  the  absorption  coefficient  increasing  (photodarkening)  disappears  for  thinner  than 
50nm  AS2S3  films  [5].  On  the  strength  of  the  Kramers-Kroning  relations,  could  be  expected  that  it  is 
the  lower  limit  for  photoinduced  changes  caused  by  usual,  plane  or  focused  homogeneous  waves. 

For  the  rapidly  developping  field  of  nanotechnology  [6]  is  very  useful  not  only  the  application 
of  the  holographic  grating  measuring  methods  [7],  but  also  for  the  nano-scale  information  recording. 
Evidently,  a  new  optical  method  has  to  be  used  in  order  to  record  holographic  (interference) 
information  in  nano-sized  photosensitive  media.  The  application  of  surface  propagating  evanescent 
waves,  as  it  has  proposed  for  the  first  time  by  H.  Nassenstein  enable  the  holographic  recording  in  a 
very  thin  layer  near  the  recording  medium  surface  [8].  Recently,  one  of  the  authors  has  reported  a 
holographic  recording  in  39nm  thick  AS2S3  films,  using  a  total  internal  reflection  for  the  creation  of 
the  evanescent  reference  wave  [9]. 

In  this  paper  we  report  a  further  development  of  this  method  illustrated  with  holographic 
recordings  in  10,  15  and  20  nm  thick  AS2S3  films.  The  exposure  dependence  of  the  diffraction 
efficiency  is  investigated,  showing  maximum  values  of  0.0005%,  0.004%  and  0.007%,  respectively. 
The  measuring  are  made  with  a  He-Ne  laser  at  633  nm.  We  have  recorded  also  quasi-Fourier 
hologram  of  the  USAF  test  target  in  20  nm  thick  AS2S3  films,  using  a  random  phase  mask. 

2.  Experimental 

2.1  Sample  preparation 

The  experiments  are  performed  with  as-deposited  a-  AS2S3  films  having  thickness'  1 0,  1 5  and 
20nm.  The  films  are  obtained  by  vacuum  condensation  of  high  purity  AS2S3  into  planetary  rotating 
substrates  in  a  standard  vacuum  unit  with  an  oil  diffusion  pump  maintaining  residual  pressure  in  the 
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order  of  2  -  4.10"^  Pa.  A  resistively  heated  Ta  crucible  having  a  special  design  is  used.  It  allowed  the 
sublimation  and  evaporation  of  AS2S3  without  local  overheating  thus  preventing  non-desirable  effects 
of  thermal  decomposition.  The  used  substrates  are  pre-cleaned  Ca-Na  silicate  glass  plates.  The 
deposition  rate  is  O.lnm/s  at  an  evaporation  temperature  of  240^^0.  The  thickness  of  the  growing  films 
and  the  deposition  rate  are  continuously  measured  using  a  quartz  crystal  monitor  MlKl  FFV.  The 
sample  thickness  is  additionally  controlled  by  a  surface  profile  recorder  Talystep  Rank  Taylor 
Hobson,  Code  1 12/1037  M-S. 


2,2.  Holographic  recording 


The  holographic  recording  is  made  with  the  evanescent  reference  wave,  created  by  the  total 
internal  reflection  (TIR).  This  is  the  case,  when  the  later  approaches  the  reflecting  interface  from  the 
denser  medium  with  the  refractive  index  77y.  We  will  consider  the  case  of  normally  polarized  to  the 
incidence  plane  waves.  If  Eo  is  an  amplitude  of  the  falling  plane  wave  with  vacuum  wavelength 
the  electric  field  amplitude  falls  of  exponentially  in  TIR  with  the  distance  z  into  the  second,  rarer 
medium  as 

^  =  - ^exp(-z/zj  (1) 

The  TIR  condition  is  the  incident  angle  (p  to  be  greater  than  the  critical  angle  value  (pc 
^--^arcsm(l/nj).  In  (1)  is  the  penetration  depth,  characterizing  the  decay  into  the  second  medium  (air). 

Z.  =  .  ,  ^  P) 


2n{n^  sin^ 


The  interference  between  this  evanescent  and  object  plane  wave  with  the  same  amplitude  is 
described  by 

T  /  \  4£'.«|  COS®  /  ,  s  ^ 

le,p[x,z)  =  —T-^ - z  /  z^)cos2my\xsin(p  -  z)/  (3) 

W-u 

If  the  recording  medium  thickness  d  is  smaller  than  the  penetration  depth,  as  it  is  pointed  out 
by  Harrick  [10],  the  TIR  is  not  influenced  by  its  refractive  index.  In  this  case  the  interference  is 
confined  near  the  reflecting  surface,  i.e. 


r  /  \  COS^  ^  /  .  X  ,  - 

le,  p[x)  =  . Yn . 

W-i/ 


The  necessary  condition  is  given  by 

J 

d  <z^  <  — ; — <  — 

Inin^  ■“  l) 

The  film  thickness  could  be  less  than  25nm  for  grating  recording  with  488nm  wavelength. 


^  20 


3.  Results  and  discussion 


The  microstructure  of  the  obtained  AS2S3  films  is  studied  by  conventional  electron 
microscopic  methods.  For  the  purpose  metal-carbon  replicas  from  the  films  surface  are  prepared  by 
consecutive  vacuum  deposition  of  Pt  and  C.  The  replicas  observation  are  performed  under  a 
transmission  electron  microscope  JEOL,  JEM  100  B. 

Fig.  1  shows  transmission  electron  micrographs  of  Pt/C  replicas  from  the  surface  of  a-  AS2S3 
films  with  thickness  lOnm  (a)  and  20nm  (b).  As  it  is  illustrated  in  Fig.  1(a)  the  AS2S3  film  is  built  up 
of  individual  grains  separated  by  well  -defined  intergrain  boundaries.  Simultaneously,  the  halo  ring  of 
the  electron  diffraction  is  an  evidence  for  the  amorphous  structure  of  the  films.  From  the  micrograph 
in  Fig.  1(b)  a  slight  increase  of  the  mean  grain  size  is  observed  for  the  thicker  sample.  These  structural 
peculiarities  of  the  samples  studied  have  been  already  observed  in  a  previous  investigation  [11]. 


Holographic  recording  in  nano-sized  AS2S3  Films 
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Fig.  1 .  Transmission  electron  micrograph  of  the  samples:  a-lOnm  thick  film;  b-20nm  thick. 

The  experimental  set  up  is  sketched  in  Fig.  2.  We  have  used  Ar*^  laser  as  a  light  source.  The  initial 
intensity  is  20mW/cm^.  For  gratings  recording  the  intensity  ratio  1:1  is  used  in  order  to  achieve  maximum 
interference  visibility.  The  object  beam  after  the  beam  splitter  (BS)  is  incidence  normally  on  the  TIR  prism 
(P)  with  the  refractive  index  1.522.  The  glass  substrate  with  the  deposited  AS2S3  film  is  attached  at  the 
prism  by  microscopic  oil.  When  the  USAF  resolution  target  is  used  as  an  object,  the  object  beam  (0)  is 
filtered  and  expanded  with  lenses  L]  and  L2.  For  a  noise  reduction  a  random  multilevels  phase  mask  (Ph)  is 
used.  Reconstructed  image  or  diffracted  intensity  is  monitored  through  red  filter  (IRF)  with  CCD-camera 
or  powermeter  (PM).  Unexpanded  reference  wave  (r)  is  falling  under  incidence  angle  45^  on  the  reflecting 
surface.  The  critical  angle  is  41.1^  and  the  penetration  depth  according  (2)  is  195nm.  A  He-Ne  laser 
reconstructs  the  holographic  recording  at  633nm. 


Fig.  2.  Optical  arrangement  for  evanescent- wave  holographic  recording:  L-lences;  M- 
mirrors;  BS-beam  splitter;  Ph-phase  mask;  0-object;  IRF-interference  red  filter. 

The  exposure  dependence  of  the  diffraction  efficiency  is  shown  in  Fig.  3.  The  maximum  measured 
values  for  10,  15  and  20nm  thick  AS2S3  films  are  0.0005%,  0.004%  and  0.007%,  respectively. 


Fig.  3.  Exposure  dependence  of  the  diffraction  efficiency:  1-for  20nm  thick  AS2S3  film;  2-for 

I5nm;  3 -for  lOnm. 
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After  reaching  maximum,  the  diffraction  efficiency  is  diminishing  due  to  overexposure  like  in 
conventional  holographic  case.  It  should  be  noted  that  optimum  exposure  is  in  tlie  range  200-300mJ/cm  .  It 
is  interesting  to  compare  our  results  with  the  exposure  dependence  of  the  diffraction  efficiency  of  ordinary 
holographic  gratings,  recorded  in  thin  AS2S3  films  with  Ar^  laser  at  488nm.  To  the  best  of  our  knowledge, 
for  the  smallest  thickness  of  350nm  the  optimum  exposure  is  7.6J/cm^  [12].  In  the  first  experiment, 
performed  in  1969,  this  value  is  3.0J/cm^  for  450nm  thick  AS2S3  films  [13].  In  recently  published  paper 
[14]  the  authors  reported  that  the  dynamic  diffraction  signal  has  maximum  at  2J/cm^  for  llOOnm  thick 
AS2S3  film.  Obviously,  the  optimal  exposure  decreases  with  the  thickness  increasing  for  holographic 
gratings,  recorded  with  plane  waves  in  the  film's  volume.  On  the  other  hand,  in  holographic  grating 
recording  with  surface  propagating  reference  wave,  the  maximum  signal  is  obtained  at  lower  exposure. 
Despite  of  the  fact  that  the  optical  path  of  the  monitoring  red  wave  is  about  3mm,  the  small  photoinduced 
refractive  index  change  is  the  main  reason  for  the  observed  low  efficiency.  It  is  most  likely  that  it  is  due  to 
the  adhesive  forces,  essential  in  nanoscale  thickness.  Relatively  good  signal  to  noise  ratio,  estimated 
roughly  to  be  better  than  20:1  enable  us  in  recording  of  more  complicated  object.  For  that  purpose  we  have 
used  the  USAF  resolution  target.  The  quasi-Fourier  hologram  is  recorded  near  the  focal  plane  with  an 
evanescent  reference  wave.  In  Fig.  4  is  shown  the  reconstructed  image  of  the  holographic  recording  in 
20nm  thick  AS2S3  films.  A  random  phase  mask  (Ph)  in  the  object  plane  is  used  for  diminishing  the 


Fig.  4.  Reconstructed  image  of  the  USAF  target. 


4.  Conclusions 

Using  surface-propagating  evanescent  waves  it  is  possible  to  record  holograms  in  very  thin 
photosensitive  media  with  refractive  index  higher  than  input  prism/substrate  one.  This  enlarges  the 
recording  media  limits  for  the  nano-scale  optical  storage.  Another  possible  application  of  these  holograms 
is  for  grating  technique  that  can  be  used  as  a  sensitive  method  of  investigations  in  nanotechnology. 
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1.  Introduction 

One  of  the  most  known  reversible  memory  effect  in  chalcogenide  glassy  semiconductors 
(CGS)  is  associated  with  a  reversible  glass-crystal  phase  transition.  In  contrast  to  the  photo-structural 
effect,  which  is  associated  with  a  reversible  structural  changes  between  two  metastable  disordered 
glassy  states  [1],  the  glass-crystal  phase  transition  in  CGS  can  be  initiated  and  reversed  not  only  by 
power  light  but  by  an  electrical  voltage  also.  These  facts  give  us  a  principle  opportunity  to  combine 
electric  field  and  laser  light  pulses  for  information  recording  processes  in  CGS. 

The  present  paper  is  devoted  to  peculiarities  of  information  recording  based  on  glass-ciystal 
phase  transition  in  CGS.  We  discuss  the  differences  and  resemblances  of  the  information  recording  by 
laser  light  and  electrical  voltage  pulses.  It  is  shown  that  recordings  based  on  the  reversible  glass- 
ciystal  phase  transition  are  similar  for  optical  and  electrical  cases  and  the  main  mechanism  of  phase 
transition  is  determined  by  thermal  heating. 

2.  Ebcperimental  details 

For  the  optical  recording  investigations  we  have  used  Te8iGei5As4  films  with  thickness 
L  =  0.15-0.3  fxm  prepared  by  vacuum  deposition  on  a  glass  substrate.  Chalcogenide  glassy 
semiconductors  of  this  and  similar  compositions  with  good  crystallization  properties  show  a 
reversible  glass-crystal  phase  transition  and  find  application  in  electrical  and  optical  memory  cells  [2]. 
Argon  laser  pulse  radiation  with  wavelength  >,  =  0.51  pm,  time  duration  t  =  1-0.2  10'*  s  and  power  up 
to  the  140  mW  was  used.  The  laser  beam  focused  on  the  film  surface  created  a  spot  with  linear 
dimension  ~5-6  pm.  The  result  of  the  irradiation  was  controlled  by  measuring  the  transmittance  of  the 
weak  probe  laser  light  beam  with  A,  =  0.63  pm  focused  on  the  spot,  on  which  the  recording  power 
beam  was  incident,  and  also  by  subsequent  inspection  with  transmission  microscope.  Two  sets  of 
samples  were  used  for  optical  recording. 

The  first  set  consists  of  fresh,  as-grown  glassy  films.  For  these  films  we  determined  the  pulse 
power  Wa  and  Wb  needed  for  ~30%  and  ~  60%  decreasing  of  transparency.  These  values  are  depicted 
in  the  Fig.  1 A  by  bars  “a”  and  “b”  and  will  be  used  for  comparison  with  thermal  induced  darkening.  It 
is  known  that  thermal  darkening  originates  due  to  shift  of  edge  of  fundamental  optical  absorption  to 
the  long  wavelength  when  glass-crystal  phase  transition  occurs  [3]. 

The  second  set  consists  of  films  that  have  been  subjected  to  heat  treatment  at  the  temperature 
~  540  K,  which  slightly  exceeds  the  crystallization  temperature  ~500  K  for  bulk  samples  [4].  Full 
crystallization  have  been  determined  from  an  approximately  ~  90%  decreasing  in  the  transmission  of 
the  probe  light.  The  onset  of  glass-crystal  transition  occurs  for  thin  films  due  to  thermal  heating  up  to 
only  ~350  K  and  this  partly  crystallized  state  corresponds  to  ~30%  decreasing  of  transparency  [5].  A 
level  of  50-60%  darkening  was  achieved  for  our  CGS  films  by  thermal  heating  up  to  temperature 
~490-500  K  which  is  approximately  equals  to  that  one  for  the  bulk  samples. 
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For  the  electrical  voltage  pulses  recording  we  used  the  set  of  samples  with  planar  geometry. 
The  samples  were  thin  layers  of  the  same  Te8iGei5As4  composition,  with  thickness  L  =  0.5-1. 0  pm 
and  the  area  size  of  order  10  ^  cm^,  which  were  obtained  by  evaporation  in  a  vacuum  onto  Pyroceram 
substrates  with  electrodes  width  1  =  10'^  cm  and  gap  d  =  10’^  cm  between  electrodes.  The  electrode 
material  was  a  gold  and  a  thin  layer  of  Si02  was  applied  on  CGS  films  for  encapsulation.  The  as- 
grown  glassy  films  were  subjected  to  treatment  at  a  temperature  of  ~500  K  for  0.5-1  hour  in  the  same 
manner  as  films  from  the  second  set  used  for  optical  recording.  As  a  result  of  the  treatment  the  films 
transformed  into  the  polycrystalline  state  and  their  resistance  decreased  from  10  G  tolO  Q. 


3.  Results  and  discussion 

The  optical  recording  case 

For  the  thermally  crystallized  films,  i.e.  for  the  films  from  second  set,  which  underwent 
thermal  annealing  at  -540  K,  we  determined,  at  different  x,  the  minimum  pulse  power  Wi  needed  for 
hole  burning  and  pulse  power  W2  which  bleached  the  film  twice  as  a  result  of  reversed  partial 
amorphization.  The  dependencies  of  Wi(x)  and  W2(t)  are  shown  in  Fig.  lA.  The  most  important 
feature  of  these  dependencies  is  their  closeness  in  the  region  x>  10  ps  and  significant  differences  for  x 
approximately  less  than  1  ps.  Let  us  estimate  laser  light  heating  temperature  in  the  region  x>  10  ps. 
All  X  from  this  region  exceed  the  thermal  relaxation  time  Xr  which  is  equal  -0.3  ps  for  L=0.3  pm. 
Then  one  may  use  a  steady  state  approximation  W  =  k(T-To),  where  k  is  external  heat  transfer  factor, 
T  is  the  temperature  of  heated  spot  in  a  homogeneous  approximation  and  To  is  ambient  temperature. 
From  this  we  obtain  W,/  Wa  =  (TrTo)/(Ta-To).  For  hole  burning  the  temperature  T,  must  be  equal  or 
exceed  the  melting  temperature  T^  which  equals  to  «  650  K  for  bulk  CGS  under  study.  Then  for  Wj/ 
Wa  «7  (see  Fig.  lA)  and  To  =  300  K  one  obtains  Ta«350  K.  This  temperature  is  very  close  to  the 
temperature  350  K  needed  for  crystallization  initiaton  due  to  pure  thermal  annealing  [5]. 
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Fig.  1 .  Pulse  power  versus  pulse  length. 

A  -  Laser  light  pulse  recording  for  films  thermally  annealed  at  the  -540  K.  The  minimum  hole 
burning  power  Wi  (circles)  and  the  minimum  power  leading  to  a  twofold  increasing  in  the 
transmittance  Wj  (squares).  The  horizontal  bars  labeled  "a"  and  "b"  correspond  to  a  decrease 
in  the  transmittance  by  -30%  and  -60%  from  its  value  in  non-annealed  original  glassy  films. 
B  -  Voltage  pulse  recording  for  films  thermally  annealed  at  -500  K.  The  minimum  values  of 
electrical  pulses  power  P  (squares)  leading  to  reverse  increasing  of  resistance  to  initial  value 
of  fresh  as  -  grown  glassy  films.  Dashed  line  corresponds  schematically  to  power  leading 

to  film  destruction. 
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In  the  paper  [6]  it  is  emphasized  that  ciystallization  which  is  induced  by  short  laser  light 
pulses  is  not  only  thermal  phenomenon  but  excess  electron-hole  pairs  generated  by  light  play 
important  role.  This  is  valid,  especially  for  crystallization  kinetics,  but  coincidence  of  temperatures 
needed  for  ~30%  decreasing  of  transparency  either  by  pure  thermal  heating  or  treating  by  20-30  ps 
laser  light  pulses  gives  a  strong  evidence  that  the  main  part  of  a  laser  light  pulse  energy  spends  on 
pure  heating.  We  have  checked  this  conclusion  by  using  the  second  bar  "b"  (Fig.  lA),  which 
corresponds  to  ~60  %  decreasing  of  transparency  due  to  20-30  ps  laser  light  pulses.  From  Wi/  Wb  »2 
one  obtains  value  Tba475  K  which  is  very  near  to  the  temperature  ~500  K,  needed  for  the  same 
decreasing  of  transparency  in  the  pure  thermal  heating  case  [5].  Thus,  in  the  following  we  will  use  the 
simple  estimation  of  temperature  which  is  induced  by  short  laser  light  pulses  based  on  pure  thermal 
approximation. 

According  to  this  approximation  W2(t)  dependence  for  x<  1  ps.  is  determined  by  heating  to 
constant  temperature,  but  in  non-stationary  regime  because  x  <x,  [7]. 

It  is  supposed  that  this  constant  temperature  equals  the  melting  temperature  Tm=  650  K, 
because  for  "ciystal-glass"  phase  transition  this  temperature  is  minimum  needed  value.  The  Wi(t) 
dependence  for  x<  1  ps  is  governed  by  heating  also  in  non-stationary  regime,  but  to  temperature 
considerably  higher  than  T^  [7].  Due  to  the  difference  between  Wi(t)  and  W2(x)  dependencies  region 
S  (Fig.  lA)  has  been  revealed.  All  points  of  this  region  Wi(x)  >  W>  W2(x)  correspond  to  power  W 
when  pulses  induced  "crystal-glass"  phase  transition  due  to  heating  to  temperature  higher  then  Tm, 
but  without  film  destruction. 

These  results  demonstrate  the  characteristics  of  interaction  of  short  laser  pulses  with  thin  films 
of  CGS  and  they  show  that  known  advantages  of  optical  recording  and  re-recording  of  information 
using  short  pulses  are  possibly  related  to  the  existence  of  a  wide  power  region  S  for  short  times 
whereas  this  region  is  appreciably  narrower  for  long  times.  Then  it  is  very  difficult  to  use  appreciated 
value  of  W  from  the  interval  Wi(x)  >  W>  W2(x)  in  the  region  x>  10  ps  and  it  is  rather  easily  to  do  in 
the  case  x<  1  ps.  For  this  reason  we  can  not  depict  W2(x)  curve  in  the  region  x>  10  ps  (Fig.lA). 

The  electrical  recording  case 

For  the  comparison  of  optical  and  electrical  recording,  the  minimum  values  of  electrical  pulses 
power  P(x),  which  needed  for  reverse  increasing  of  resistance  to  initial  value  lO^-lO’  Ci  are  depicted 
in  Fig.lB.  One  can  see  that  this  dependence  P(x)  is  very  similar  to  the  dependence  W2(x)  of  Fig.  1  A.  It 
is  may  be  easy  understood  from  the  thermal  heating  point  of  view,  because  for  reverse  transition  from 
crystal  value  resistance  ~10^  Q  to  glass  one  10'*- 10*  Q  the  heating  up  to  the  melting  temperature 
needed.  The  next  interesting  and  important  result  in  the  electrical  recording  case  is  the  following.  In 
the  region  x>  10  ps,  if  the  voltages  exceed  10-20%  of  that  ones  which  correspond  to  curve  P(x)  then 
destruction  of  sample  occurs.  But  in  the  region  x^l  ps  the  interval  between  voltages  correspond  to 
curve  P(x)  and  that  ones,  which  destroyed  the  films  are  100%  and  more.  We  have  not  systematically 
measured  the  destroyed  voltages  so  the  curve  which  is  analogous  to  Wi(x)  dependence  of  Fig.  lA  is 
depicted  in  Fig.  IB  schematically  by  dash  line  only.  But,  nevertheless,  one  can  see  that  region  S' 
exists  in  the  electrical  recording  case  also.  This  region  is  wide  for  short  pulse  duration,  whereas  it  is 
appreciably  narrower  for  long  pulse  duration,  as  in  optical  recording  case  too. 


4.  Summary 

The  characteristics  of  optical  and  electrical  recording  of  information  based  on  pulse  induced 
"crystal-glass"  phase  transition  are  veiy  similar.  Laser  pulse  with  power  W2  has  bleached  locally  the 
film  due  to  "crystal-glass"  phase  transition.  The  powerful  pulse  Wi  has  burned  the  film.  It  was 
demonstrated  that  for  pulse  with  duration  x  approximately  less  than  1  ps  there  is  a  wide  pulse  power 
interval  Wi(x)  >  W>  W2(x)  or  region  S,  when  pulses  induced  "crystal-glass"  phase  transition  without 
film  destruction.  The  interval  Wi(x)  -  W2(x)  decreased  with  x  and  for  x>  10  ps  region  S  became  so 
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narrow  that  bleaching  without  destruction  was  very  difficult  to  get.  Similar  results  have  been 
obtained  when  "crystal-glass"  phase  transition  was  induced  by  electric  field  pulses. 

It  is  shown  that  the  effect  of  laser  light  and  electric  field  pulses  on  the  chalcogenide  materials 
has  mainly  a  thermal  nature. 
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It  is  shown  that  time  -  of  -  flight  technique  is  an  efficient  method  in  the  investigation  of  non¬ 
crystalline  chalcogenide  and  barrier  structures. 
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The  reliability  of  any  electronic  device  depends  on  quality  of  contact  between  metal  and 
semiconductor.  For  crystalline  semiconductors  a  contact  phenomenon  is  studied  well.  For  unor¬ 
dered  semiconductors  as  distinct  from  crystalline  ones  so  far  there  is  no  unified  theory  of  formation 
of  metal  -  unordered  semiconductor  contact.  Therefore  investigations  of  unordered  semiconductors 
and  barrier  structures  on  their  base  are  actual  scientific  and  applied  problem. 

The  modified  time-of-flight  technique  is  worked  out  specially  for  unordered  semiconduc¬ 
tors  like  as  amorphous  chalcogenides  and  amorphous  hydrogenated  silicon.  The  traditional  time-of- 
flight  drift-mobility  technique  measures  time  during  the  carriers  transit  through  sample  [1].  The 
modified  time-of  flight  technique  measures  charge-collection  (G)  and  electrical  field  distribution 
Fi(x)  in  space  charge  region  of  the  structure  metal  -  amorphous  chalcogenide.  Method  of  internal 
field  profile  measurement  which  uses  varies  the  excitation  wavelength  and  apply  of  reverse  field  is 
described  [2-4]. 

Conditions  for  calculations  and  measurements  are  as  follows: 

1 .  Carriers  are  generated  by  the  pulse  of  monochromatic  light  and  distributed  in  accordance 
with  the  light  absorption  law. 

2.  Photogenerated  charge  is  small  so  it  does  not  affect  the  internal  field  distribution,  i.e. 
ee  i 

Qq  jF^(x)dx .  Satisfaction  of  this  condition  may  be  tested  experimentally  from  independ¬ 


ence  G  from  Qo. 

3.  The  external  electric  field  is  subtracted  from  the  internal  field,  i.e.  structure  is  illumi¬ 
nated  by  pulse  of  light  after  apply  of  reverse  field  but  before  redistribution  of  internal  field.  Time  of 
delay  between  apply  of  reverse  field  and  pulse  of  light  is  RC  <  tdei  <  tei,  where  RC  is  the  time  con¬ 
stant  of  measuring  eqiupment,  trei  is  Maxwell  relaxation  time.  Satisfaction  of  this  condition  may  be 
tested  experimentally  from  independence  G  from  tdei. 

4.  The  influence  of  surface  states  in  calculations  doesn’t  take  in  account. 

5.  Only  one  type  of  carriers  (electrons  or  holes)  is  considered  depending  on  polarity  of  ap¬ 
plied  voltage. 

6.  The  work  function  from  metal  more  than  ones  from  amorphous  chalcogenide,  i.e.  there  is 
depletion  layer  of  semiconductor. 

7.  The  experimental  samples  are  sandwich-type  structure  with  transparent  for  excitation 
light  electrodes  (Fig.  1). 
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SEMITRANSPARENT 


Fig.  1.  The  experimental  sample  is  sandwich-type  structure  with  semitransparent  metal 

electrodes. 


The  main  idea  of  the  method  is  contained  in  compensation  of  internal  field  of  depletion 
layer  of  amorphous  chalcogenide  -  metal  contact  by  external  pulse  of  voltage.  The  value  of  the  in¬ 
ternal  electric  field  is  determined  by  external  voltage  Vg(v,  a)  under  which  G(V,  a)  =  0  under  cer¬ 
tain  excitation  wavelength  (a  is  absorption  efficiency,  a  is  function  of  wavelength). 


where  d  is  the  sample  thickness  [3]. 

Charge  collection  G  is  function  of  absorption  efficiency  a  and  external  voltage  V.  We  sug¬ 
gest  the  following  equation  for  defining  the  charge-collection: 


^  (l-J?(F,a))apT -j-expC-ox^) 
(l-exp(-cu:?))£/ J  x^-Xg 


(2) 


where  p.  is  drift  mobility  of  the  carriers,  t  is  the  lifetime  of  carriers,  R(V,  a)  is  the  coefficient, 
which  take  into  consideration  diffusion  of  the  carriers  against  field,  x*  is  the  co-ordinate  of  stop 
drift  (in  co-ordinate  Xc  external  field  compensate  internal  field  so  that  resultant  field 
V 

Pi  )  +  —  =  0 ),  and  Xg  is  the  co-ordinate  of  carriers  photogeneration . 
d 


R{y,o)>(\  + 


_a^7_  1 

Ft{(!i)  +  V/d  ’ 


where  (pr  is  the  thermal  potential: 


<Pr=kTle, 


(3) 

(4) 


where  k  is  Boltzmann  constant,  T  is  absolute  temperature,  e  is  charge  of  electron  [3]. 

Equation  (2)  as  distinct  from  analogous  [3]  takes  into  account  the  deep  trapping  by  local¬ 
ized  states  during  photogenerated  charge  drift.  This  permit  to  calculate  the  co-ordinate  Xc  and  the 
internal  field  profile  with  the  more  accuracy  than  in  [3]. 

The  co-ordinate  Xc  is  defined  by  absorption  efficiency  and  sample  thickness,  so  that  x,;  is  a 
function  of  a  and  d.  In  order  to  get  the  analytical  dependence  from  a  and  d  it  is  necessary  to 
solve  the  equation  (2)  under  the  condition  that  G(V,  a)  =  0.  Solution  of  equation  (2)  reduces  to  next 
integral: 


(5) 


Solution  of  integral  (5)  permit  to  obtain  the  final  equation: 
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( 


1-exp 


V 


=  exp(-cu3?)(r5f-Xc) 


1-exp 


d-x, 


cj 


(6) 


The  dependence  of  absorption  efficiency  from  excitation  wavelength  is  measured  experi¬ 
mentally  for  specific  structure.  Equation  (6)  is  solved  by  numerical  method.  These  permit  to  obtain 
the  internal  field  profile  of  depletion  layer  (Fig.  3)  and  charge-collection  directly  from  experiment. 
The  time-of-flight  technique  is  limited  by  half  the  sample  thickness  (Fig.  2): 

=  dl2 .  (7) 

If  depletion  layer  thickness  more  than  a  half  of  sample  ones  it  is  necessary  to  illuminate 
back  side  of  sample  for  obtaining  internal  field  profile.  This  technique  is  also  limited  by  surface. 
The  experimental  results  become  inaccurate  under  light  absorption  depth  less  than  50  nm  because 
of  carrier  recombination  on  the  surface  states  [2]. 


LENGHTWAVE  (nm) 

Fig.  2.  The  Xc  (the  co-ordinate  of  stop  drift)  is  calculated  for  Schottky-barrier  in  a-silicon 
(curves  land  3)  and  for  a-Si:H  p-i-n  stmcture  (curves  2  and  4).  Thickness  of  both  samples  is 
1  pm.  Curves  1  and  2  are  calculated  by  method  of  Juska  G.  [3];  3  and  4  -  are  obtained  for 
same  samples  accordingly  by  formula  (6). 


These  data  allow  to  calculate  the  value  of  pt,  potential  profile  (Fig.  4)  and  distribution  of 
the  density  localized  states  in  mobility  gap  N(E).  So  it  permits  to  obtain  important  parameters, 
which  characterize  electrical  properties  of  material  and  efficiency  of  devices  on  its  base. 


Fig.  3.  The  profiles  of  internal  depletion  field  in  a-Si:H  solar  sell  (p-i-n  structure).  Thickness 
ofsampleisS.l  pm.  1-is  measured  by  Juska  G.  [3],  2  -  is  calculated  by  formulas  (l)and 

(6). 
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DISTANCE  INTO  SAMPLE  (^m) 


Fig.  4.  The  depletion  profiles  in  a-Si:H  solar  sell  (p-i-n  structure).  Thickness  of  sample  is  5.1 
pm.  1  -  is  calculated  by  Juska  G.  [3],  2  -  is  obtained  by  integration  of  the  internal  depletion 

field  Fi(x)  (Fig.  3,  curve  2). 

The  suggested  modified  time-of-flight  technique  allows  to  measure  for  electrons  and 
holes  the  changing  polarity  of  the  applied  voltage.  Equation  (2)  as  distinct  from  the  analogous  [3] 
takes  into  account  photogenerated  charge  deep  trapping  during  its  drift  by  localized  states.  It  per¬ 
mits  to  measure  internal  field  profile  and  to  calculate  potential  profile  and  distribution  of  the  den¬ 
sity  localized  states  in  mobility  gap  with  the  more  accuracy  than  previous  methods.  It  is  shown  that 
our  results  differ  from  data  obtained  in  [2  -  4]  (Fig.  2  -  Fig.  4)  and  agree  with  the  theory  described 
in  [5,  6]  quite  well. 

With  the  described  modifications  the  time-of-flight  technique  becomes  a  good  and  effective 
instrument  for  investigation  of  amorphous  chalcogenides  and  barrier  structure  on  their  base.  The 
technique  allows  to  reveal  the  process  of  formation  of  barrier  at  the  contact  between  the  metal  and 
the  disordered  semiconductor. 
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Physicochemical  interactions  in  amorphous  AS2S3  -  copper  thin  film  systems  were  studied  by 
the  methods  of  resistometry,  ellipsometry,  microscopy  and  by  the  chemical  dissolution.  It  was 
shown  that  considerable  variation  of  chemical  process  activity  observed  in  these  systems  is 
caused  by  an  essential  dependence  of  the  physicochemical  interaction  rate  on  chalcogenide 
film  stoichiometry  and  imperfection  of  its  structure.  Ellipsometric  modeling  results  indicate 
that  the  thickness  distribution  of  the  dissolved  copper  is  close  to  a  rectangular  shape.  It 
confirms  reactionary  nature  of  interaction.  Application  of  our  thermochemical  model  for  a 
probability  estimation  of  quasi-molecular  reactions  of  copper  and  oxygen  with  polymerized 
and  non-polymerized  fragments  in  arsenic  trisulphide  film  enabled  to  give  qualitative 
description  of  the  interaction  mechanism.  Comparison  with  AsaSs-Ag  system  is  made. 

Results  presented  in  this  work  indicate  some  new  ways  to  control  physicochemical  interaction 
process  in  amorphous  chalcogenide-metal  thin-film  systems. 

(Received  June  2,  2001;  accepted  June  11,  2001) 
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1.  Introduction 

Thin-film  photosensitive  systems  based  on  chalcogenide  glassy  semiconductors  (CGS)  and 
some  metals  (Ag,  Cu)  [1]  have  many  unique  properties.  For  example,  they  ean  be  successfully  applied 
in  submicron  lithography  and  are  very  promising  in  nanolithography  as  inorganic  resists  [2].  Among 
them,  the  systems  containing  silver  and  copper  as  metal  component  have  the  greatest  light  sensitivity 

[3]- 

Thin-film  heterogeneous  CGS-Me  systems,  in  general,  are  thermodynamically 
nonequilibrium  ones:  there  are  physicochemical  processes  in  them  which  cause  their  ageing.  The 
systems  containing  silver  and  ChGS  layers  based  on  arsenic,  germanium  and  sulfur  are  the  only  ones 
that  are  sufficiently  sensitive  and  stable.  Most  of  investigations  concerning  the  nature  of  the 
phenomenon,  technology  of  manufacturing,  and  practical  applications  have  been  carried  out  using 
above  mentioned  systems. 

The  use  of  ChGS-Cu  non-silver  systems  is  difficult  due  to  their  chemical  instability:  the 
physicochemical  interactions  (PCI)  between  CGS  and  copper  are  very  intensive,  what  leads  to  their 
rapid  ageing.  Preparation  of  non-silver  systems  based  on  ChGS  and  copper  with  performances  similar 
to  those  of  CGS-Ag  systems  is  an  urgent  problem.  Its  solution  requires  detailed  investigations  of 
physicochemical  transformations  in  the  CGS-Cu  systems.  Besides,  the  examination  of 
physicochemical  interactions  of  CGS  and  metal  films  is  the  important  topic  of  research  by  itself.  We 
have  recently  demonstrated  that  these  effects  can  be  applied  to  creation  of  blazed  holographic 
diffraction  gratings  [4]. 

The  problems  mentioned  above  require  a  detailed  study  of  specific  features  of  the  interaction 
in  thin-film  ChGS-Cu  systems.  Taking  into  account  that  the  As2S3-Ag  system  is  the  most  investigated 
among  CGS-Ag  systems,  the  AS2S3-CU  system  as  model  has  been  chosen  for  such  examinations.  It 
has  allowed  to  carry  out  the  most  complete  comparison  of  the  processes  of  CGS  interaction  with 
silver  and  copper. 
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2.  Experimental 

Samples  of  sandwich-like  thin-film  CGS-Cu  systems  were  prepared  by  deposition  onto  K-8 
glass  substrates  vapours  produced  by  the  subsequent  thermal  vacuum  evaporation  of  the  copper  load 
with  initial  weigh  0.5  g)  and  that  of  crashed  powdered  glassy  As2S3  with  initial  weight  2g)  from 
tantalum  boats  at  residual  pressure,  P,  of  5  *  lO"'  Pa.  The  deposition  rate  and  amount  of  deposited 
substanee  were  measured  by  the  KIT-1  quartz  crystal  oscillator  monitoring  system.  Thicknesses  ot 
Cu  and  AS2S3  films  were  also  determined  using  the  MII-4  interferential  microscope. 

The  most  universal  physieal  property  describing  mass  transport  during  solid-state  reactions  in 
such  systems  is  the  metal  layer  expenditure,  Ahcu-  It  was  observed  by  the  electrieal  resistance 
measurements  of  the  copper  film.  Specific  implementation  of  this  procedure  and  its  metrological 
substantiation  are  given  in  [5]. 

The  ellipsometrical  angles  of  thin-film  AS2S3  -Cu  samples  and  AS2S3  and  Cu  control  films,  v|/ 
and  A,  were  measured  using  the  LEF-3M-1  ellipsometer  (k  =  632.8  nm)  for  angles  of  light  incidence 
in  the  interval  (po  =  45°...80°.  In  order  to  obtain  information  about  the  constitution  of  samples  under 
investigation,  we  developed  the  Fortran-program  which  enabled  to  distinguish  between  various 
ellipsometrical  models.  Methodological  and  metrological  aspects  of  the  utilised  ellipsometrical 
modeling  method  have  been  described  in  detail  [6,  7]. 

3.  Results 

Thickness  changes  of  the  copper  conductive  film  in  AS2S3  -Cu  samples  prepared  in  the  same 
vacuum  cycle  began  simultaneously  with  the  start  of  the  chalcogenide  film  deposition  on  it  and 
continued  after  completion  of  the  deposition  at  the  same  rate  (see  Fig.  1,  chart  3).  The  change  of 
copper  film  thickness  over  the  0...5  min.  interval  is  approximated  by  the  h  =A*t  formula,  where  A  is 
a  constant.  The  rate  of  copper  film  expenditure,  Ve  reaches  the  values  of  0.1. ..0.2  nm/s.  When  the 
Ahc„/hAs2S3  ratio  reached  the  values  of  0.25...0...30  (the  average  concentration  of  metal  in  As2S3<  Cu  > 
layer  (interaetion  produets  (IP)  layer)  is  39...46  weight  %  or  33...37  at.  %)  the  dissolution  rate  began 

to  drop  rapidly. 


h  ,  nm 


Fig.  1.  Dependence  of  the  thickness  of  the  AS2S3  film  being  deposited  on  the  deposition  time 
(I).  Dependence  of  the  copper  film  thickness  change  on  the  storage  time  in  the  vacuum 
chamber  (2  and  3).  (Starting  from  the  moment  when  the  CGS  film  deposition  begins.)  3  -  Cu 
film  was  not  annealed  on  purpose  before  the  AS2S3  deposition.  2  -  Cu  film  has  been  annealed 
before  the  AS2S3  film  deposition  at  100  °C  in  the  presence  of  glassy  AS2S3  in  the  chamber. 

It  has  been  determined  that  the  physicochemical  processes  become  more  intensive  when  the 
copper  film  was  deposited  on  the  heated  substrate  before  the  formation  of  the  CGS  film,  or  when  the 
copper  film  has  been  annealed  after  deposition  at  elevated  temperatures  in  the  presence  of  glassy 
AS2S3  in  the  vacuum  chamber.  In  this  case  the  visually  appreciable  layer  is  formed  on  the  copper  film 
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surface  (apparently,  due  to  the  interaction  of  copper  with  components  of  rarefied  gaseous  medium  of 
chamber). 

The  formation  of  such  layer  proves  that  the  arsenic  trisulphide  is  noticeably  volatilized  at 
P  <  10“^  Pa  even  at  the  ambient  temperatures.  This  layer,  most  likely,  consists  of  copper  -  sulfur 
compounds  (CuxS),  because  the  layer  with  similar  optical  and  chemical  properties  is  also  formed  on 
the  surface  of  copper  film  annealed  in  the  vacuum  chamber  in  the  presence  of  free  sulphur. 

During  the  deposition  of  AS2S3  on  Cu  film  covered  by  CUxS  layer,  Ve  was  proportional  to 
chalcogenide  deposition  rate,  and  the  rate  of  interaction  of  metal  with  ChGS  reaches  0.8  nm/s.  This 
rate  drops  sharply  when  the  deposition  of  CGS  film  is  completed  (Fig.  1,  curve  2).  At  this  moment, 
the  Ahcu/hcGS  ratio  for  various  samples  is  --0,4.. .0,5.  Thus,  the  average  concentration  of  copper  in 
As2S3<Cu>  is  52. ..57  weight  %  or  45, ..50  at.  %.  These  values  are  close  to  the  maximum  possible 
concentration  of  copper  in  interaction  products  of  copper  -  amorphous  AS2S3  systems  [8]. 

The  results  presented  above  show  that  for  preparation  of  more  stable  AS2S3-CU  systems,  it  is 
necessary  to  evaporate  copper  and  arsenic  trisulphide  in  separate  vacuum  chambers  or  in  different 
"vacuum  cycles".  This  should  prevent  the  formation  of  the  CuxS  layer  on  the  copper  film  surface,  thus 
avoiding  the  facilitation  of  penetration  of  the  copper  atoms  from  the  metal  film  into  the  AS2S3  film 
through  such  layer.  Subsequently,  Cu  and  AS2S3  films  were  deposited  in  different  "vacuum  cycles  ", 
between  which  the  copper  film  was  exposed  to  variable  duration  free  air  cycles  at  temperatures  from 
room  and  up  to  150  ^C.  Under  such  conditions  the  Cu  oxide  layer  is  formed  on  the  copper  film 
surface  [9,  10].  At  the  room  temperature  their  thickness  reached  up  to  7  nm  [9].  Their  thickness  grows 
with  rise  of  oxidation  temperature  [10]. 

As  opposed  to  CuxS  layers,  the  CU2O  ones  formed  by  this  process  have  the  barrier  properties: 
there  is  an  induction  period  of  PCI  in  the  systems  which  have  intermediate  CU2O  layers.  During  this 
period  the  dissolution  rate  of  the  copper  film  is  the  lowest  (Fig.  2).  The  general  view  of  Ahcu  (t) 
dependencies  for  samples  with  an  oxide-coated  Cu  film  is  of  the  S-type:  the  induction  period  is 
followed  by  the  period  of  PCI  acceleration,  then  the  period  of  PCI  deceleration,  and  last  stage  is  the 
saturation  of  the  reaction.  The  concrete  view  of  Ahcu(t)  diagram  at  various  thicknesses  of  the  oxide 
layer  is  presented  at  Fig.  2.  The  duration  of  the  induction  period,  the  Ahcu  (t)  curve  inflection  point 
position,  the  top  metal  dissolution  rate  can  be  used  as  quantitative  parameters  in  describing  the  barrier 
properties  of  oxide  layer.  As  the  thickness  of  the  oxide  layer  increases,  both  the  duration  of  the 
induction  period,  and  the  time  necessary  to  reach  the  inflection  point  on  the  Ahcu  (t)  curve  increase. 
Thus,  the  period  of  reaction  acceleration  takes  place  over  the  wider  range  of  Ahcu  changes,  and  the 
maximum  value  of  Ve  decreases. 


t,  m  in 
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Fig.  2.  Copper  film  thickness  change  depending  on  the  duration  of  the  AS2S3-CU  systems 
storage  in  vacuum  (hAs2S3  “  150  nm).  1 -intermediate  CU2O  layer,  hcuzo  =  4  nm;  2-hcu2o'=7  nm. 

The  AS2S3-CU  sampleageing  rate  depends  not  only  on  the  condition  of  the  interface  between 
the  Cu  and  AS2S3  films  but  also  on  the  conditions  of  preparation  of  the  AS2S3  film.  During  the  sample 
storage  in  vacuum  the  PCI  takes  place  most  intensely  when  the  CGS  film  obtained  by  evaporation  of 
primary  glassy  As2S3,  subsequent  multiple  using  of  the  AS2S3  load  slows  down  PCI  in  systems 
obtained  with  their  evaporation.  For  example,  for  samples  with  -4  nm  thick  oxide  layer  the  maximal 
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value  of  Ve  is  0.4  nm/min.  However,  as  a  result  of  multiple  use  of  glassy  AS2S3  load  the  Ve  gradually 
decreases  down  to  0.01  nm/niiii. 

The  films  obtained  by  evaporating  the  previously  used  AS2S3  shots  have  the  refraction  index 
that  is  several  percents  higher  than  the  films  obtained  from  the  fresh  load.  This  has  been  shown  by  the 
ellipsometrical  measurements  of  the  reference  AS2S3  films.  The  evaporator  temperature,  load  mass, 
deposition  rate,  and  the  thickness  of  obtained  AS2S3  films  were  similar  in  all  cases  considered. 

During  the  gradual  heating  of  the  evaporator  containing  the  fresh  load  of  2  g  of  the  glassy 
AS2S3,  deposition  of  small  amounts  of  substance  (up  to  5  pg/cm^)  takes  place  on  both  the  quartz 
oscillator  and  substrate.  After  that,  the  increase  in  the  mass  of  deposited  substance  usually  slows  down 
considerably.  With  the  further  rise  of  the  evaporator  temperature,  the  deposition  rate  increases  again. 
When  the  loads  are  used  again,  then  the  time  progression  of  the  mass  of  the  deposited  material 
becomes  less  obvious.  More  often,  as  the  temperature  rises,  the  sharp  and  monotonic  increase  of  the 
mass  of  deposited  substance  is  observed. 

The  stability  of  AS2S3-CU  systems  depends  also  on  the  storage  conditions:  in  vacuum  or  in  air. 
The  character  of  atmospheric  influence  significantly  depends  on  the  conditions  of  CGS  film 

production.  .... 

In  AS2S3-CU  systems  with  the  films  obtained  from  the  fresh  shots,  the  PCI  in  air  is  slower  than 
in  vacuum  (Fig.  3,  curves  1  and  2).  From  the  comparison  of  these  results,  we  can  see  that  atmosphere 
has  little  influence  on  the  duration  of  the  induction  period,  and  only  slightly  moves  the  inflection  point 
position  of  the  Ahcu(t)  dependence  towards  smaller  times.  However,  Ve  in  air  is  much  less  than  in 
vacuum.  Also,  Ahcu(t)  dependence  for  the  air  stored  system  is  closer  to  linear  than  that  for  the  vacuum 
stored  one.  Hence,  the  atmosphere  has  less  influence  on  the  barrier  properties  of  copper  oxide  layer 
itself,  but  it  slows  down  the  velocity  of  transition  of  copper  particles  through  copper/CGS  interface 
area. 


nm 


Fig.  3.  Change  of  the  Cu  film  thickness  in  the  As^Sj-Cu  system.  System  was  being  stored 
in  air  (1)  and  in  vacuum  (2).  (Thickness  of  the  AS2S3  film  is  180  nm,  thickness  of  the 

intermediate  oxide  layer  is  5.5  nm.) 

On  the  contrary,  in  AS2S3  -Cu  systems,  in  which  ChGS  films  are  obtained  from  earlier  used 
material,  the  PCI  rate  in  air  is  higher  than  in  vacuum.  Fig.  4  shows  the  Aha,(t)  dependencies  for  the 
sample,  in  which  CGS  film  was  deposited  from  the  glass  sample  whose  weight  was  equal  to 
approximately  30  %  of  initial  mass.  In  vacuum  the  initial  Vc  is  ~  0.1  nm/min.  and  gradually  decreases 
(close  to  square  law,  curve  2).  In  the  sample  taken  from  vacuum  on  air  right  after  the  deposition,  the 
Vd  is  higher  and  is  practically  stationary  (curve  1).  Longer  storage  of  the  sample  in  vacuum  (before 
placing  it  in  air)  gradually  causes  the  low  V*  initial  period  to  occur  (equal  to  the  copper  expenditure 
rate  in  vacuum  at  the  moment  of  extraction).  It  also  causes  the  decrease  of  the  metal  expenditure  late 
during  the  main  (close  to  linear)  stage  of  Ahcu(t)  dependence  (curve  3). 

An  additional  information  about  CU-AS2S3  thin-film  interactions  was  obtained  from  their 
ellipsometrical  investigations,  and  also  from  the  investigations  of  their  stability  in  etchtants  as  well  as 
their  mechanical  properties. 
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Fig.  4.  Time  dependencies  of  copper  film  thickness  change  for  As2S3“Cu20-Cu  system  over 
the  vacuum-and  air-keeping.  The  AS2S3  film  has  been  obtained  by  the  evaporation  of  load 
used  earlier  in  four  evaporations.  The  pre-evaporation  weight  was  approximately  -30%  of  the 
initial  weight.  1  -  keeping  in  air.  2,  3  -  keeping  in  vacuum  (up  to  the  time  moment  t)  and 
in  air  (after  the  time  moment  t).  (Thickness  of  the  As2S3film  is  106  mn,  thickness  of  the 

intermediate  oxide  layer  is  5  nm.) 

Ellipsometrical  investigations  were  carried  out  immediately  after  the  removal  of  the  systems 
from  vacuum  chamber  and  also  during  their  storage  in  air.  The  systems  under  investigation  were 
modelled  as  multilayer  structures  with  sharp  layer  interfaces.  Such  elipsometrical  models  have  been 
successfully  used  for  the  description  of  interactions  in  CGS-Ag  thin  film  systems  [11]. 

Angular  A((po)  and  \|/(9o)  dependencies  for  the  systems  stored  in  vacuum  chamber  depending 
on  storage  duration  are  described  with  good  accuracy  by  the  "copper  substrate  -  homogenous  layer  of 
reaction  products  "  or  by  the  "copper  substrate  -homogenous  layer  of  reaction  products  -  homogenous 
ChGS  layer"  models.  Transition  from  the  former  model  to  the  latter  one  correlate  with  the  stage  of 
Ahcu(t)  kinetic  dependence  when  the  metal  dissolution  rate  Ve  rapidly  decreases.  This  makes  it 
possible  to  explain  this  rapid  decrease  by  the  fact  that  the  outer  surface  of  the  semiconductor  film  was 
reached  by  the  reaction  front.  Moreover,  from  the  resistometrical  and  ellipsometrical  data  the  next 
equation  follows: 


Ah  cu  +  h  as2S3  -  h  As2S3  <Cu> 

Below  we  represent  the  details  on  ellipsimetrical  investigations  of  the  acceleration  of  PCI  in 
air  phenomenon.  As  an  example,  let  us  consider  the  system,  kinetics  of  the  copper  layer  expenditure 
of  which  is  presented  in  Fig.  4  (curve  3).  Calculations  showed  that  the  experimental  angular  A(q)o)  and 
\|/((po)  dependencies  measured  immediately  after  the  system  removal  from  vacuum  (time  moment  t  on 
curve  3,  Fig.  4)  are  described  by  the  "copper  substrate  -  two  homogenous  layer"  model  with  0.07  grad, 
accuracy.  Calculated  thicknesses,  refraction  (n)  and  absorption  (k)  indexes  of  these  layers  are:  h  =  50 
nm,  n  =  2.57,  k  =  0.01  for  the  upper  layer  and  h  =  66  nm,  n  =  3.48,  k  =  0.43  for  the  lower  one.  This 
clearly  demonstrates  that  the  upper  part  is  AS2S3  layer,  whereas  the  lower  one  is  the  AS2S3  <Cu> 
reaction  products  layer.  These  ellipsometric  modeling  results  indicate  that  the  thickness  distribution  of 
the  dissolved  copper  is  close  to  rectangular  shape.  It  confirms  reactionary  nature  of  interaction. 

Dynamics  of  the  thickness  changes  for  these  copper-doped  and  non-doped  CGS  layers  during 
further  storage  in  air  is  demonstrated  in  figure  5.  From  the  modeling  it  is  also  obtained  that,  as  the 
thickness  of  doped  layer  increases,  the  optical  constants  of  this  layer  increase  as  well.  This  proves, 
obviously,  the  gradual  change  of  a  composition  or/and  a  structure  of  the  layer  of  reaction  products.  By 
the  moment  of  the  deceleration  of  dark  interaction  caused  by  the  reaching  of  the  doping  front  the 
external  surface  of  AS2S3  film  the  values  of  optical  constants  of  Cu  doped  layer  were:  n  =  3.6,  k  =  0.8. 
The  accuracy  of  the  description  of  A((po)  and  V|/((po)  dependencies  by  "copper  substrate  -  homogenous 
layer  of  interaction  products"  model  was  0.3  grad..  This  points  out  that  the  composition  and/or 
structure  of  reaction  products  somewhat  change(s)  along  the  doped  layer. 
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Fig.  5.  Thickness  change  of  non-  doped  (1)  and  copper-doped  (2)  parts  of  CGS  film  during 

the  storage  of  the  AS2SJ-CU2O-CU  system  in  air.  The  COS  film  was  obtained  with  the  load  of 
glassy  AS2S3  that  had  been  previously  used  four  times. 

Further,  in  this  system  even  slower  changes  take  place.  The  gradual  increase  of  values  of 
optical  constants  of  this  layer  has  been  observed.  This  points  to  the  further  increase  of  concentration 
of  copper  in  doped  layer.  Thus,  the  precision  of  the  description  of  system  by  the  "copper  substrate  - 
homogeneous  layer  of  interaction  products"  model  also  has  gradually  improved.  After  the^dark 
reaction  having  reached  the  saturation  point,  the  optical  constants  of  AS2S3  <Cu>  layer  were:  n  =  4.0, 
k  =  1 .3.  The  thickness  of  products  layer  was  approximately  1 .5  times  more  than  the  initial  thickness  of 
film.  Accuracy  of  the  description  of  system  by  the  "copper  substrate  -  homogeneous  layer  of 
interaction  products"  model  slightly  exceeded  0.1,  which  is  1.5  times  worse  than  the  accuracy  of  the 
description  of  system  in  which  the  interaction  took  place  in  vacuum.  ^  ^  ^  ^ 

Doping  AS2S3  films  by  copper  is  accompanied  by  a  change  of  their  dissolution  rate  in  various 
alkaline  etchants,  in  particular,  in  the  aqueous  solutions  of  NaOH  and  KOH.  Their  adhesion  to  the 
underlying  Cu  film  also  is  reduced  in  comparison  with  the  adhesion  of  the  initially  deposited  non- 
doped  AS2S3  film.  It  enabled  also  to  study  changes  occurring  in  Cu  films  during  their  interaction  with 
AS2S3  films.  The  mechanical  or  chemical  removal  of  AS2S3  <Cu>  products  layer  from  the  surface  of 
copper  film  and  measuring  the  Afepo)  and  v|;(q)o)  dependencies  on  the  remaining  Cu  film  were  done  for 
this  puipose  upon  the  end  of  interaction. 

It  was  ascertained  that  the  Afepo)  and  v|/((po)  values  after  removal  of  AS2S3  <Cu>  layer  in  the 
majority  of  systems  are  close  to  A((po)>  H'ffPo)  values  for  the  reference  Cu  films.  This  proves  that 
during  the  interaction  of  copper  film  with  CGS  one  the  state  of  the  copper  film  surface  and  a  volume 

structure  of  this  film  have  not  undergone  essential  changes.  •  •  •  u-  1,  1, 

As  opposed  to  the  previous  cases,  the  copper  films  in  systems  stored  in  air,  in  which  the 
AS2S3  film  is  obtained  from  repeatedly  utilised  shots,  had  lower  A((po),  values  and  especially  the  v|/((po) 
values,  compared  to  the  control  copper  films  after  removal  of  AS2S3  <Cu>  layer.  This  causes  the 
growth  in  the  effective  refraction  index  values  and  reduction  in  the  effective  absorption  index  values 
of  such  copper  films.  For  example,  in  the  above  described  systems  with  a  sulfur  deficiency  in  the 
AS2S3  film,  the  n  grows  from  0.15  to  0.44,  and  k  drops  from  3.20  to  3.03.  The  k/n  ratio  drops  from 
21.3  for  tlie  control  Cu  film  to  6.9  for  the  residual  Cu  film  after  the  reaction  and  mechanical  removal 
of  the  AS2S3  <Cu>  layer.  This  should  demonstrate  the  reduction  of  the  film  packing  density  [12]. 

The  conclusion  obtained  with  using  ellipsometrical  investigations  is  confirmed  by  observation 
of  the  surface  of  unreacted  part  of  Cu  film  in  reflective  optical  microscope.  For  Cu  films  with  low 
A((po)  and  v|/((po)  values  compared  to  the  reference  Cu  films,  the  increase  in  the  scattered  light  level 
and  roughness  are  observed.  The  lower  reflectivity  spots  are  observed  in  the  microscope'  field  of 
view.  All  this  demonstrates  that  the  dissolution  of  Cu  films  is  non-uniform  across  the  surface.  As  a 
consequence,  the  copper  film  becomes  heterogeneous,  with  reduced  volume  content  of  metal. 

Apparently,  it  is  necessary  to  assume  the  presence  of  the  spots  too  small  to  be  visible  in  the 
optical  microscope  used  in  this  study  (x600).  The  presence  of  macroscopic  as  well  as  microscopic 
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defects  in  the  copper  film  also  should  result  in  the  lower  specular  reflectivity  and  greater  surface 
roughness.  It  affects  the  values  of  ellipsometrical  parameters  of  copper  film  as  well. 

Thus,  the  results  obtained  show  that  the  physicochemical  processes  during  the  interactions  of 
the  metal  and  CliGS  films  in  AS2S3-CU  systems  have  the  complex  dependency  on  such  factors  as  the 
Me/CGS  interface  state,  conditions  of  CGS  film  preparation,  and  composition  of  the  environment. 

4.  Discussion 

Comparison  of  interaction  rates  in  AsjSj  -Ag  [13]  and  AsjSj  -Cu  (Fig.  1)  thin-film  specimens 
without  intentionally  formed  intermediate  layers  shows  that  interaction  rate  of  arsenic  trisulphide  film 
with  the  silver  one  is  about  four  orders  of  magnitude  lower  than  with  the  copper  film.  Thus,  the 
difference  in  PCI  kinetic  shape  is  also  observed  in  these  systems. 

For  AS2S3  -Ag  the  kinetics  of  metal  thickness  change  may  be  described  by  square-root  time 
dependence,  Ah(Cu)  ~  t'^^  [13].  This  points  out  that  the  dark  interaction  is  being  controlled  by 
diffusion.  On  the  other  hand,  for  AS2S3  -Cu  the  dependence  is  close  to  linear  over  the  considerable  part 
of  the  kinetics  curve  (Fig.  1,  curve  2). 

The  explanation  of  such  a  substantial  difference  between  chemical  process  rates  can  be  based 
on  heats  of  formation  of  silver,  copper,  and  arsenic  sulphides.  Let  us  note  that  the  similar  approach 
has  been  used  before  by  Phillips  [14],  when  he  proposed  his  thermochemical  model  of  photodoping 
for  ChGS-Ag  systems.  The  relative  heats  of  formation  are  given  in  Table  1  in  kcal/mole  chalcogen 
per  formula  unit  in  accordance  with  [14]. 


Table  1 .  Relative  heats  of  formation  for  arsenic,  silver  and  copper  sulphides  and  arsenic, 
silver,  copper  and  sulphur  oxides. 


Compound 

AHf,  Kcal/[moIex  {number  of 
chalcogen  or  oxygen  atoms  per 
formula  unit)l 

■ 

AHf,  Kcal/[molex  {number  of 
chalcogen  or  oxygen  atoms  per 
formula  unitjl 

15.95  [16] 

IIS9B 

35.48  1171 

13.3  [15];  10.0  [16] 

36.83  [17] 

7.0  [16] 

S30, 

34.9  [17] 

Ag2S 

7.837  [15] 

S2O7 

27.75  [17] 

CuS 

12.7  [15];  12.1  [161 

CU20 

41.4  [17] 

a-Cu2S 

19.0  [15];  19.6  [16] 

CuO 

38.72  [17] 

CUi.96S 

17.83  [151 

AS203 

52.13  [171 

Cu.gS 

17.24  [15] 

53.04  [171 

7.44  [17] 

43.9  [171 

2.95  [171 

47.77  [171 

S2O 

AS2O5 

44.28  [171 

so 

For  arsenic  trisulphide  and  silver  sulphide  the  following  is  true:  (see  Table  1) 

|AHf(As2S3)|>|AH(Ag2S)|. 

In  other  words,  chemical  reaction  between  silver  and  arsenic  trisulphide  is  endothermic  (is  not 
beneficial  energetically).  That  is  why  for  AS2S3  -Ag  compositions,  most  probably,  one  can  expect 
only  the  diffusion  intermixing  of  atoms  of  copper  and  ChGS  layers,  caused  by  an  entropic  component 
of  Gibbs'  free  energy.  This  makes  it  possible  to  explain  square-law  dependence  observed  in  [13]  for 
AS2S3  -Ag  thin-film  systems. 

For  arsenic  trisulphide  and  cupric  sulphides  the  following  is  true: 


|AHf(As2S3)  1 

=  |AHf(CuS)|, 

(1) 

|AHf(As2S3)  1 

<  |AHf(Cu2S)|, 

(2) 

|AHf(As2S3)  1 

<  lAHf(Cu2.8S)| 

(3) 

From  (2,  3)  it  follows,  that,  when  copper  and  arsenic  trisulphide  contact,  the  fast  exothermic 
exchange  reactions  should  take  place,  producing  the  CU2S  and  €02.58  compounds.  An  interaction  rate 


is  determined  by  an  enthalpy  and  entropy  of  reactions  and  by  the  kinetic  factors.  (Taking  into  account 
the  propensity  of  silver  and  copper  to  form  the  triple  compounds  with  arsenic  and  sulfur  [18],  strictly 
speaking,  heat  of  dissolution  of  sulphides  of  these  metals  in  arsenic  trisulphide  should  be  taken  into 
account  too,  when  the  probability  of  reaction  between  silver  and  copper,  on  the  one  hand,  and  arsenic 
trisulphide,  on  the  other  hand,  is  estimated.) 

Apparently,  the  almost-linear  kinetics  for  the  main  stage  of  Ahcu(t)  dependence  (Fig.  1,  curve 
3)  means  [19]  that  tlie  surface  reactions  (at  Cu/As2S3<Cu>  or  As2S3<Cu>/  AS2S3  boundaries,  in  our 
case)  control  the  interaction  rate  between  CGS  and  copper  as-deposited  films.  The  slowdown  of  Ve 
begins  at  those  concentrations  of  copper  in  the  products  layer,  at  which  the  electron  diffraction  pattern 
similar  to  that  of  pure  a-As2S3  had  already  disappeared  [8],  and  different  amorphous  diffraction 
pattern  was  observed.  One  can  conclude  that  the  above  mentioned  slowdown  is  caused  by  the 
As2S3<Cu>  reaction  product  front  reaching  the  external  surface  of  AS2S3  film.  This  conclusion  is  also 
confirmed  by  our  ellipsometrical  examinations. 

The  presence  of  CuxS  layer  on  the  surface  of  copper  film  considerably  improves  the 
interaction  conditions  at  this  surface.  The  interaction  of  copper  particles  diffused  through  the  Cu^S 
intermediate  layer  with  As„S,„  (n,  m  =  0,  1,  2,  3  ...)  molecular  fragments  being  deposited  from  vapour 
phase  [20,  21],  most  likely,  controls  the  rate  of  Cu  layer  expenditure  in  this  case. 

When  the  copper  oxide  layer  separates  the  metal  and  ChGS  films,  the  interaction  between 
them  takes  place  in  a  different  manner  (Fig.  2).  The  decrease  of  the  maximum  value  of  Vc,  and 
increase  of  linear-like  part  of  the  Ahc„(t)  dependence  with  increase  of  oxide  layer  thickness  point  out 
that  this  layer  loses  its  barrier  properties  only  partially.  Hence,  the  copper  oxide  layer  slows  the  PCI 
down  from  the  beginning  to  the  end. 

The  existence  of  the  con  elation  between  the  refraction  index  of  the  as-deposited  AS2S3  film, 
and  the  state  (fresh  or  already  used)  of  the  glassy  sample  of  arsenic  sulphide  explains  the  influence  of 
thermal  history  of  glassy  AS2S3  on  its  interaction  with  copper.  It  is  known  from  [22,  23]  that  the 
violation  of  stoichiometrical  composition  and  structure  of  AS2S3  being  precipitated  due  to  change  of 
fragmentary  composition  of  vapour  phase  causes  changes  of  optical  properties  of  the  arsenic 
trisulphide  films.  In  particular,  this  violation  changes  its  refraction  index. 

Apparently,  multiple  evaporation  of  glassy  AS2S3  causes  changes  in  composition  of  its  vapour 
phase.  As  the  evaporator  temperature  gradually  increases  from  room  temperature  and  up  to  melting 
temperature,  the  vapour  phase  composition  appears  to  become  enriched  with  sulfur  from  near-surface 
areas  of  the  shots.  At  the  melting  point  and  above  the  intensive  evaporation  of  other  molecular 
fragments  begins.  Those  fragments  are  produced  by  the  decomposing  AS2S3.  The  dominant 
evaporation  of  more  volatile  sulfur-enriched  fractions  takes  place,  apparently,  during  the  subsequent 
cooling  of  an  evaporator  loaded  with  the  crashed  AS2S3.  Hence,  for  these  reasons  one  can  assume  that 
the  near-surface  layer  of  AS2S3  shots  gradually  loses  sulfur  when  taken  through  several  heatings  and 
coolings  cycles  (multiple  partial  evaporation).  The  average  gross  -  composition  of  the  obtained  films 
gradually  changes  from  sulfur-enriched  to  sulfur-deficient  compared  to  the  stoichiometrical 
composition.  Since  (see  Table  1), 

|AHf  (AS2S5 1  <  lAHf  (AS2S3)  I  <  lAHf  (AS2S2)  I  (4) 

one  should  expect  intensification  of  interaction  between  the  copper  and  the  sulfur-enriched 
films  obtained  during  the  first  evaporation  of  arsenic  trisulphide  load.  This  has  been  confirmed 
experimentally. 

There  are  reports  on  the  influence  of  the  environment  on  interaction  of  metal  and  CHGS  [3, 
24,  25].  It  has  been  observed  before  [3]  that  for  As2S3-Ag  thin-film  compositions  the  interaction 
between  metal  and  ChGS  slows  down  in  air  compared  to  vacuum.  On  the  contrary,  the  [24]  shows 
that  the  silver  penetration  into  the  arsenic  sulphide  plate  for  air  annealed  samples  increases  by  several 
times  compared  to  the  vacuum  annealed  one. 

The  slowdown  of  physicochemical  interaction  in  air  is  explained  in  [3]  as  follows:  during  the 
storage  in  vacuum  the  mobility  of  free  sulfur  in  AS2S3  film  is  higher.  As  a  result,  the  sulfur  diffuses 
into  the  Ag  film  and  reacts  with  it,  while  in  air  the  slow  bi-directional  diffusion  of  metal  and  AS2S3 
film  material  takes  place.  The  results  obtained  by  us  do  not  contradict  such  explanation  of  this  effect 
for  As2S3-Ag(Cu)  systems  in  case  when  AS2S3  films  are  enriched  with  sulfur.  Besides,  it  is  necessary 
to  take  into  account  the  penetration  of  atmospheric  oxygen  into  the  CGS  film,  and  the  possibility  of  its 
chemical  interaction  with  sulfur.  Such  interaction  is  energy  favourable  (see  Table  1). 
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On  the  contrary,  in  As2S3“Cu  systems  with  lower  free  sulfur  content,  the  amplification  of  the 
PCI  processes  (fig.  4)  is  observed  in  air,  similarly  to  the  effect  of  silver  thermodiffusion  increase  in 
monolithic  glassy  arsenic  trisuphide.  The  existence  of  a  correlation  between  metal  film  expenditure 
rate  in  air  and  the  duration  of  preliminary  exposure  to  vacuum  (Fig.  4)  allows  us  to  state  that  it  is  tlie 
activity  of  atmospheric  gases  that  influences  the  rate  of  metal-CGS  interaction.  From  data  shown  in 
Fig.  4,  it  is  also  possible  to  conclude  that  atmospheric  oxygen  causes  acceleration  of  process  activity 
taking  place  in  the  copper  -  IP  interface,  or  in  the  IP  layer.  However,  it  does  not  accelerate  the 
processes  that  undergo  at  the  IP  -ChGS  interface.  In  the  latter  case,  the  duration  of  initial  period  of 
Ahcu(t)  dependence  in  air  should  have  been  decreased  as  the  vacuum  exposure  is  increased.  This  is 
due  to  the  approach  of  IP  -CGS  boundary  to  the  outer  surface  of  CGS  film.  Besides,  it  is  possible  to 
make  the  conclusion  that  the  IP  layer  formed  during  the  vacuum  storage  of  the  system  impedes  the 
access  of  atmospheric  gases  to  the  Cu  »  CGS<Cu>  interface. 

Thus,  close-to-square-root  Ahcu  (t)  dependence  for  thin-film  vacuum-kept  specimens  (Fig.  4, 
curves  2,  3  -  up  to  the  arrow  mark)  points  to  the  dominant  role  of  copper  atoms  diffusion  processes 
through  the  gradually  thickening  product  layer.  At  the  same  time,  the  slowest  stage  of  interaction 
process  in  air  is  the  reaction  at  the  copper-IP  boundary.  This  is  the  cause  of  the  linear  Ahcu(t) 
dependence. 

Ellipsometry  and  optical  microscopy  data  show  that  the  acceleration  of  interaction  under 
influence  of  the  atmospheric  gases  primarily  occurs  in  those  areas  of  the  Cu/AsaSs  interface  where  the 
access  of  atmosphere  gases  is  facilitated.  These  areas  are  characterised  by  the  presence  of 
macrodefects  due  to  the  non-ideal  technological  conditions  of  preparation  of  structures,  by  the 
presence  of  pores,  hollows,  microdefects  in  as-deposited  AS2S3  films.  These  data  support  the 
conclusion  that  the  Cu/IP  interface  performs  the  control  function  in  the  air-kept  AS2S3  -Cu  systems 
without  surplus  of  sulfur  in  AS2S3  film. 

The  atmospheric  influence  effects  can  also  be  explained  in  the  non-contradictory  manner  in 
terms  of  the  thermochemical  approach.  In  Table  1  the  heats  of  formation  for  oxides  of  silver,  sulfur, 
copper  and  arsenic  are  given.  The  analysis  of  these  data  shows  that  the  exothermic  effect  of  the  3-,  4-, 
5-valence  arsenic  atoms  reaction  with  oxygen  is  greater  than  the  oxygen-copper  and  oxygen-sulfur 
reactions,  and  greater  yet  than  the  oxygen-silver  reaction.  This  exothermic  effect  is  also  greater  than 
that  characteristic  to  silver,  arsenic  or  copper  atoms  reactions  with  sulfur.  This  enables  to  assume  that 
the  overall  PCI  rate  in  air  increases  specifically  due  to  the  interaction  of  atmospheric  oxygen  with 
arsenic  atoms.  This  interaction  results  in  release  of  sulfur,  which  in  turn  interacts  with  atoms  of 
copper  or  silver.  Oxygen  stimulated  increase  of  Cux  S  compounds  content  in  products  layer  should 
increase  its  n,  k  values.  That  explains  the  results  of  ellipsometrical  studies. 

The  acceleration  of  the  PCI  interaction  processes  should  be  especially  noticeable  in  samples 
without  excess  sulphur,  such  as  monolithic  samples  of  glassy  AS2S3  or  thin-film  samples  without 
surplus  of  sulfur.  According  to  [24],  for  glassy  As2S3-Ag  film  systems  stimulated  by  atmospheric 
oxygen,  the  silver  expenditure  rate  from  the  film  can  be  several  times  greater  than  that  caused  by  the 
diffusion  intermixing  of  components  in  such  heterogeneous  structure.  Our  experimental  data  show 
that  for  sulfur-deficient  AS2S3-CU  systems  the  sulfur  expenditure  rate  can  increase  several  times  under 
the  influence  of  the  atmospheric  oxygen.  In  this  case  we  deal  with  the  increase  of  the  chemical 
process  rate  which,  however,  remains  lower  than  rate  of  PCI  processes  in  AS2S3-CU  samples 
containing  surplus  of  sulfur,  and  taking  place  in  vacuum. 

It  is  also  possible  to  explain  the  results  of  work  [25]  by  the  chemical  interaction  of 
atmospheric  oxygen  with  arsenic  atoms.  In  [25]  it  was  observed  that  there  is  considerable  difference 
of  properties  of  the  photostimulated  interaction  products  obtained  by  illumination  of  the  As2S3-Ag 
composition  in  vacuum  and  in  air.  At  the  same  time,  there  was  small  difference  in  properties  for  two 
such  types  of  products  inherent  to  the  AS2S5  -  Ag  system.  There  is  clear  correlation  between  the 
degree  of  an  atmospheric  influence  and  atomic  concentration  of  arsenic  in  CGS  film. 

5.  Conclusions 

The  results  obtained  in  this  work  demonstrate  the  considerable  range  of  chemical  process 
activity  that  takes  place  in  the  AS2S3-CU  system.  It  has  been  ascertained  that  the  specific  type  of 
physicochemical  interaction  between  copper  and  ChGS  essentially  depends  on  composition  and 
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structure  of  ChGS  film,  and  also  on  the  presence  of  intermediate  layers  between  the  film  and  the 
metal. 

Based  on  the  analysis  of  heats  of  formations  of  sulphides  and  oxides  of  silver,  copper,  and 
arsenic,  the  existing  experimental  data,  as  well  as  the  data  obtained  in  the  present  work  can  be 
explained,  (on  interaction  of  copper  and  silver  with  arsenic  sulphide.) 

The  results  of  the  present  work  pave  the  way  to  the  precise  control  over  stability  of  CGS-Me 
systems  that  is  necessary  for  producing  competitive  silverless  CGS-Me  media. 
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Vitreous  SCxh-x  samples  (x=0.1;  0.15;  0.20)  have  been  prepared  and  studied  by  thermal 
analysis,  iodometry,  X-ray  diffraction  and  optical  transmission.  The  results  show  that  part  of 
iodine  remains  unbonded  in  the  structure  while  another  part  saturates  the  ends  of  selenium 
chains.  The  main  effect  of  the  iodine  atoms  upon  the  selenium  matrix  configuration  consists  in 
the  shortening  of  the  selenium  chains  and  occupation  of  the  short  chain  ends  by  atomic  iodine, 
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1.  Introduction 

In  1981  Shanabrook  et  al.  [1]  reported  the  preparation  of  the  first  zero-dimensional  solid: 
amorphous  iodine  (a-I)  exhibiting  one-fold  coordination.  The  predominant  inter-molecular  bonding  in 
a-I  is  probably  a  delocalized  metallic-like  bonding.  The  system  Se-I  is  important  both  for  the 
structural,  specific  problems  of  the  zero-one  dimensional  configurations  and  for  the  control  of  the 
defects  in  the  non-crystalline  selenium  with  high  relevance  in  applications. 

The  stoichiometric  crystalline  compounds  Se2l2  and  SeL  are  prepared  by  stirring  selenium 
with  a  solution  of  iodine  in  CCI4,  or  selenium  with  a  solution  of  C2H5Br  [2]. 

We  report  in  this  paper  the  results  on  preparation  and  properties  of  several  Se-I  alloys  in  the 
vitreous  state. 

2.  Experimental 

The  Sexh-x  alloys  (x=0.1;0.15;0.20)  have  been  prepared  by  melting  under  vacuuum  in  glass 
ampoules  mixture  of  selenium  (Hobboken  99.9999%)  and  iodine  (Carlo  Erba  99.9999%)  in 
corresponding  proportions.  The  ampoules  were  heated  with  the  rate  of  5°C/min  up  to  the  temperature 
of  300  “C  and  maintained  7  hours.  During  the  thermal  treatment  the  ampoule  was  rotated  with 
10  turns/min.  The  vitreous  samples  were  obtained  by  throwing  the  melt  into  water. 

The  samples  looked  grey-dark  and  showed  a  visco-plastic  character  immediately  after 
preparation.  The  visco-plastic  property  decreases  slowly  in  the  interval  K6h,  as  a  function  of 
composition. 

The  optical  microscopy  investigations  and  X-ray  diffraction  diagrams  proved  the  vitreous 
state  of  all  the  samples. 

3.  Results 

3.1.  lodometric  results 

Iodine  was  determined  by  titration  with  a  solution  of  natrium  thriosulphate  (Na2S203)  in 
presence  of  amidin  (starch)  as  indicator. 

It  was  found  that  not  all  iodine  used  in  preparations  is  situated  in  the  bonded  state.  For  the 
samples  Seo,8lo  2  and  Seo  gslo  15,  after  melting  and  rapid  cooling  the  concentration  of  non-bonded  iodine 
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is  14.86  at.%  and  9  at.%,  respectively.  The  amount  of  non-bonded  iodine  firstly  decrease  rapidly  and 
after  2-3  days  its  amount  remains  practically  unchanged. 

3.2.  Thermal  analysis 

The  thermal  differential  analysis  carried  out  in  the  interval  20-250  "C  (Fig.l). 


Fig.  1 .  DTA,  DTG  and  TG  curves  for  the  sample  Seo.glo.j  heating  rate:  5“C/min  -  Seo,8lo.2  — Se. 

Endothermal  transformations  are  evidenced.  The  softening  of  the  melts  is  produced  in  large 
temperature  intervals  (100-200  °C).  The  thermogravimetric  curves  reveal  important  loss  of  material 
(iodine)  of  the  same  order  of  magnitude  as  for  the  losses  observed  by  iodometry  measurements. 

3.3.  X-ray  diffraction 

X-ray  diffraction  patterns  taken  on  the  as-quenched  samples  Seoglo.r  and  Seo,9lo  i>  corrected 
and  normalized,  are  shown  in  Fig.  2. 


Fig.  2.  X-ray  scattered  intensity  for  samples  in  the  system  Se-I. 

—  Seo9lo.i;  Seo.8lo.2- 

Cu  K„  radiation  and  digital  recording  in  the  angular  interval  20  =  3  1 13°  were  used.  The 

measurements  were  carried  out  in  a  Siemens-Kristalloflex  IV  diffractometer. 

The  reduced  electron  density  distribution  curves  (REDD)  are  shown  in  figure  3. 
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Fig.  3.  REDD  curves  in  the  system  Se-I. 
—  Seo.9lo.i;  Seo,8lo,2- 


Careful  analysis  of  the  REDD  of  the  vitreous  samples  allows  to  conclude  that  iodine  strongly 
influence  the  third  peak  situated  at  ~  4.5  A.  In  selenium  this  third  peak  (situated  at  ~  4.75  A)  is  related 
to  the  chain  configuration.  For  a-Se-I  the  third  peak  shifts  towards  smaller  r  and  its  intensity  increases 
when  the  iodine  amount  increases.  In  an  old  paper,  Richter  [3]  has  shown  that  amorphous  iodine 
exhibits  its  third  peak  in  REDD  at  4.40  A. 

3.4.  Optical  transmission  spectra 

Optical  transmission  of  the  vitreous  Se-I  samples  has  been  recorded  with  a 
SPECTROMASTER  apparatus  in  the  infrared  range  (400  cm’'  -  4000  cm"').  Figure  4  shows  the 
results.  For  large  wavelengths  two  absorptions  peaks  are  evidenced  for  pure  a-Se  (480  cm''  and  743 
cm'')  and  they  are  interpreted  as  two-phonons  and  three-phonons  bands  of  Seg.  A  new  absorption 
peak,  revealed  at  ~860  cm''  in  Seo.9lo  i  is  given  probably  by  Se-I  bond  vibration. 


10  9  i  7  6  5  i 
ulOOcm-^ 


Fig.  4.  Infrared  transmission  spectra  for  samples  in  the  system  Se-I. 
Seo,9lo.i 


3.5.  Electrical  resistance 

We  have  measured  the  electrical  resistance  of  the  sample  ^vith  maximum  amount  of  iodine: 
Seo.8lo.2*  Two  measurements  were  carried  out.  The  first  one  was  made  immediately  after  preparation 
and  the  change  of  resistance  in  time  was  followed  (Fig  5a).  The  second  one  was  made  after  20  days  of 
storage  (Fig.  5b). 

The  rapid  drop  of  the  electrical  resistance  immediately  after  preparation  can  be  due  to  two 
causes:  a  partial  crystallization  and  the  release  of  iodine.  The  second  cause  seems  to  prevail,  because 
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the  non-bonded  iodine  in  fresh  samples  is  in  high  amount.  For  long  time  storage,  a  partial 
crystallization  is  produced,  as  evidenced  by  X-ray  diffraction  (peaks  ascribed  to  iodine  (I2  crystallites) 
were  revealed). 


Fig.  5.  The  evolution  of  the  electrical  resistance  in  the  Seo,8lo.2  vitreous  sample 

a)  immediately  after  preparation 

b)  after  20  days  of  storage. 


4.  Discussion 

The  properties  of  vitreous  Se-I  alloys  are  strongly  influenced  by  the  iodine  content.  The  fresh 
samples  rich  in  iodine  are  not  stable  due  to  non-bonded  iodine  accumulated  in  between  the  selenium 
configurations.  Selenium  and  iodine  form  a  simple  eutectic  for  52  at%Se,  with  the  melting 
temperature  58±1  [4].  After  Golubkova  and  Petrov  [5]  the  solubility  of  iodine  in  selenium  does 

not  exceed  2  at.%. 

The  stabilization  of  the  vitreous  Se-I  alloy  is  reached  for  low  iodine  content  and  long  storage 
at  room  temperature.  In  this  case  the  iodine  is  strongly  bonded  with  selenium.  Klapotke  and  Passmore 
[6]  succeeded  to  prepare  a  number  of  salts  of  selenium  iodine  cations,  all  of  which  contain  covalent 
Se-1  bonds.  The  average  selenium-iodine  bond  distance  is  2.51  A  and  is  near  to  the  sum  of  the 
covalent  radii  of  Se  and  I  (2.493 A).  The  existence  and  stability  of  selenium-iodine  cations  suggest  the 
possibility  to  find  such  configurations  in  vitreous  Se-I.  Because  the  structure  of  Se-I  may  be  thought 
as  a  disordered  packing  of  selenium  chains,  with  iodine  occuping  the  possitions  at  the  end  of  these 
chains,  the  iodine  doping  may  be  useful  for  the  investigation  and  control  of  the  defect  states  in  non¬ 
crystalline  selenium. 

5*  Conclusions 

The  properties  of  Se-I  glassy  are  determined  by  the  iodine  content.  Part  of  iodine  is  bonded  to 
the  ends  of  selenium  chains  while  the  other  part  (molecular  I2)  can  be  released  spontaneously  (at  room 
temperature)  or  by  heating.  A  minimum  amount  of  iodine  cannot  be  eliminated  and,  therefore,  only 
Se-1  alloys  poor  in  iodine  are  convenient  in  applications. 
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The  glass  system  (As2S3)i,x(Sb2S3)x ,  0<x<0,65,  has  been  studied  by  X-ray  diffraction  and 
microhardness  measurements.  The  long-time  irradiation  of  the  samples  by  ultraviolet  rays  has 
been  carried  out  and  its  structural  effect  v/as  investigated.  The  substitutional  model  and  the 
microphase  separation  model  have  been  discarded,  A  new  intermediate  model,  whose  main 
feature  is  the  formation  of  mezoscopic  Sb2S3  clusters,  has  been  advanced. 
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1.  Introduction 

The  chalcogenides  glasses  are  important  due  to  their  remarkable  properties,  which  make  them 
useful  in  optoelectronics  for  infrared  elements  and  devices  for  acusto-optic  devices,  for  electrical  switches, 
holography  and  information  storage  media  [1,2].  Arsenic  trisulfide  (AS2S3)  is  the  most  studied 
chalcogenide  glass  and  deserves  applications  in  infrared  optics  and  optical  coatings  because  of  its  excellent 
IR  transmission,  large  glass-forming  tendency,  and  resistance  to  moisture  and  chemicals  [3].  Antimony 
trisulfide  (Sb2S3)  and  the  non-stoichiometric  compositions  (as  e.g.  SbS4)  prepared  as  thin  amorphous  films 
have  found  applications  for  information  storage  media  [4],  A  graded  refractive  index,  which  is  required  in 
some  applications,  may  be  produced  in  the  non-crystalline  AS2S3  of  both  bulk  and  thin  film  forms  by 
gradually  replacing  the  arsenic  component  with  chemically  similar  antimony  atoms  [5].  This  approach  will 
fail  if  the  resultant  glass  crystallizes  or  undergoes  a  gross  phase  separation,  because  these  phenomena 
cause  light  scattering.  The  glass-forming  tendency  is  very  different  in  AS2S3  and  Sb2S3.  While  for  AS2S3, 
even  melt  cooling  by  simply  removing  the  sample  from  the  furnace  at  room  temperature,  the  glassy  Sb2S3 
can  be  obtained  only  for  high  cooling  rates  by  using  the  so-called  splat-cooling  techniques  [6],  A  special 
method  for  getting  glassy  Sb2S3  by  a  conventional  melt  quenching  method  was  demonstrated  by  Dalba  et 
al.  [7],  If  Sb2S3  is  added  to  AS2S3  then  the  glass-forming  ability  of  the  mixture  is  greatly  enhanced  and, 
thus,  a  broad  range  of  glassy  As2S3-Sb2S3  alloys  is  obtained.  Although  the  structure  of  the  non-crystalline 
state  in  the  binary  system  AS2S3  and  Sb2S3  is  satisfactorily  known,  the  atomic  configuration  in  the  alloys 
As2S3-Sb2S3  is  controversial.  Some  authors  interpreted  the  EXAFS,  XANES,  IR  data  and  the  Mossbauer 
experimental  data  on  the  atom  ^^^Sb  in  the  frame  of  a  model  with  random  substitution  of  the  arsenic  atoms 
by  antimony  atoms  with  the  formation  of  As-S-Sb  bridges  [8-11].  Other  authors  interpreted  the  IR,  XRD, 
crystallization  kinetics  and  optical  gap  data  in  the  frame  of  a  model  with  mixture  of  AS2S3  and  Sb2S3 
microphases  exhibiting  weak  interaction  or  without  interaction  at  all  [5,  12,  13].  The  effect  of  the  light  of 
energy  above  the  gap,  in  particular  ultraviolet  radiation  in  the  system  As2S3-Sb2S3  is  poorly  investigated. 
Hayashi  et  al.  [14]  have  shown  that  in  AS2S3  and  other  chalcogenide  glasses  the  UV  irradiation  produces  a 
change  in  the  optical  absorption  edge,  two  orders  of  magnitude  higher  than  for  the  band-gap  irradiation. 
While  in  the  last  case  the  photodarkening  is  caused  by  changes  in  atomic  coordinations  [14]  and  positions 
resulting  from  exciting  lone  pair  electrons,  in  the  case  of  UV  irradiation  an  Auger  process  may  take  place, 
too,  and,  therefore,  bond  breaking  or  ionisation  of  atoms  are  more  easy  to  occur,  leading  to  layer  change  in 
local  structure  of  the  non-crystalline  network.  In  this  paper  are  reported  the  results  obtained  in  the  study  of 
the  glassy  system  (As2S3)i.x(Sb2S3)x  0<x<0.65  by  X-ray  diffraction  and  microhardness  measurements.  A 
structural  model  for  the  glassy  materials  was  proposed. 

2.  Experimental 

Glasses  were  prepared  by  melting  stoichiometric  mixtures  of  glassy  AS2S3  and  polycrystalline 
Sb2S3  in  sealed  silica  ampoules,  previously  evacuated  at  10"^  Torr.  Melting  was  carried  out  at  850  for  -- 
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8  hours  in  a  rotating  furnace  in  order  to  ensure  homogeneity.  Glasses  were  then  obtained  by  water¬ 
quenching  the  silica  ampoules.  The  following  glassy  ingots  were  obtained:  (As2S3)i.x(Sb2S3)x  x  =  0;  0.05; 
0.25;  0.45  and  0.65. 

The  densities  of  the  ingots  were  determined  by  the  Archimede's  method.  The  microhardness 
of  the  ingots  were  determined  with  a  PMT-3  tester  provided  with  diamond  indentation  prism.  Indentation 
loads  between  10  g  and  50  g  were  used.  The  structure  of  the  samples  has  been  determined  by  X-ray 
diffraction  in  a  TUR-M62  diffractometer  equipped  with  a  copper  target  tube.  The  samples  were  prepared 
by  grinding  chunks  of  ingots  in  a  mortar  and  then  pressing  the  powder  in  a  special  support  to  be  mounted 
in  the  diffractometer.  The  X-ray  diffraction  patterns  for  every  sample  were  recorded  in  the  frame  of  a  step 
by  step  method  with  the  measuring  time  per  angular  position  of  40s.  The  angular  step  was  0.05®.  The 
parameters  of  the  first  shaip  diffraction  peak  (FSDP)  were  carefully  extracted  by  a  computing  procedure. 
The  whole  X-ray  diffraction  curves  measured  in  the  range  7.25®-74.25°  (0)  were  processed  and  the  radial 
electron  density  distribution  curves  (REDD)  were  obtained  with  special  computing  programs  written  in 
FORTRAN  language. 

3.  Results 

3.1  Density 

The  exact  values  of  the  densities  of  the  chalcogenide  glasses  are  important  both  for  the 
computation  of  the  radial  electronic  density  distribution  curves  and  for  the  explanation  of  the 
photostructural  effects  which  are  in  many  cases  accompanied  by  volume  changes  [15,16]. 

Moreover,  in  order  to  check  various  models  of  the  atomic  scale  structure  it  is  necessary  to  have 
accurate  determinations  of  the  material  density. 

The  densities  of  the  glassy  ingots  have  been  determined  by  the  Archimede's  method.  Special 
attention  was  paid  to  the  elimination  of  air  bubbles  during  immersion  in  water.  The  accuracy  of  the  mass 
determination  was  ±0.0001g,  and  the  accuracy  of  the  densities  was  ±0.01g/cm^.  The  results  are  shown  in 


Fig.  1 .  The  density  of  the  glassy  samples  in  the  Fig.  2.  The  microhardness  in  the  glassy  system 

system  (As2S3)|.x(Sb2S3)x;  (As2S3)|.x(Sb2S3)x; 

—  Theoretical  densities  in  the  case  of 
phase  mixture  (AS2S3  and  86283). 

While  the  theoretical  curve  for  the  case  of  the  mechanical  mixture  of  two  phases  (AS2S3  and 
86283)  corresponds  to  the  linear  variation  with  x  of  the  densities,  the  experimental  values  show  a 
significant  deviation  from  the  linearity  in  the  glass-forming  region.  This  effect  speaks  in  favour  of  the 
preserving  of  the  basical  structural  arrangement  of  AS2S3  during  alloying  with  Sb2S3  for  the  range  of  the 
possible  glassy  state  in  the  system  As2S3-Sb2S3  for  the  range  of  glassy  alloys.  For  x  =  0.65  the  density  of 
the  sample  approaches  that  corresponding  to  a  mixture  of  arsenic  and  antimony  based  sulfides.  The  8b2S3 
density  was  that  reported  in  [6]. 

3.2.  Microhardness 

One  of  the  parameters,  which  offer  informations  on  the  strength  of  the  interatomic  bonds,  is 
the  microhardness.  The  microhardness  of  the  glassy  ingots  was  determined  with  the  help  of  a  PMT-3 
microhardness  tester  provided  with  diamond  indentation  prism.  The  tester  gives  the  hardness  in 
Vickers  (Kgf/mm^)  or  in  gigapascals  (GPa).  The  hardness  values  of  the  glassy  samples  in  the  system 
As2S3-Sb2S3  are  situated  in  the  range  120-190  kgf/mm^).  Large  number  of  indentations  (20-30)  has 
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been  performed  for  50  g  load.  The  mean  value  of  the  hardness  was  taken  as  the  experimental  value. 
An  accuracy  of  ±  5  Kgf/mm^  was  estimated  from  the  distribution  of  the  measured  hardness  values. 
Fig.  2  shows  the  glass  microhardness  in  the  system  As2S3-Sb2S3  as  a  function  of  Sb2S3  concentration. 

Hardness  measurements  involve  complex  flow  mechanisms;  the  observed  increase  of 
hardness  with  x  indicates  structural  changes  leading  to  smaller  molecular  or  configurational  mobility, 

3.3  X-ray  diffraction 

3JJ  First  sharp  diffraction  peak 

The  X-ray  diffraction  patterns  of  the  chalcogenide  compounds  and  alloys  exhibit  as  a 
fundamental  feature  a  narrow  diffraction  peak  situated  at  low  diffraction  angles.  Figure  3  shows  the 
experimental  X-ray  diffraction  curves,  smoothed  and  aligned  in  order  to  evidence  the  changes 
produced  when  antimony  substitutes  arsenic  in  glassy  alloys.  A  strong  decrease  of  the  first  peak  with 
the  composition  x  is  observed. 


eO 


Fig.  3.  X-ray  diffraction  patterns  for  glassy  samples  in  the  system  (As2S3)i.x(Sb2S3)x. 

This  first  sharp  diffraction  peak  (FSDP)  was  explained  as  a  "signature”  of  the  medium  range 
or  intermediate-range  order  in  the  non-crystalline  matrix.  In  the  investigated  compositions  FSDP 
exhibits  significant  modifications  a  function  of  antimony  content.  Three  parameters  have  been 
carefully  measured:  the  peak  area,  peaks  position  on  the  angular  scale  and  peak  width.  The  last  two 
parameters  allow  for  calculation  of  the  quasi-periodicity,  d,  and  the  correlation  size,  D,  in  the 
material,  respectively.  Fig.  4  shows  the  results. 


*  0.0  0.2  0.4  0.6  0.8  1.0 

^  X 

Fig.  4.  The  evolution  of  FSDP  characteristics  when  As  atoms  are  substituted  by  Sb  in  the  glass¬ 
forming  domain  of  the  pseudo-binary  system  (As2S3)i.x(Sb2S3)x. 
a-  FSDP  integral  intensity  (area);  b-  Quasi-periodicity,  d;  c-  Con*elation  length,  D. 


The  area  of  the  FSDP  strongly  decreases  with  x.  The  quasi-periodicity  in  the  glass  raises  up  to 
X  =  0.45,  then  decreases.  The  correlation  length,  that  is  related  to  the  range  of  ordering  of  large 
configurational  entities  increases  with  x. 
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3.3.2  Radial  electron  density  distribution  (REDD) 


The  method  based  on  the  calculation  of  the  so-called  radial  distribution  function  is  the  most 
powerful  technique  used  to  determine  the  local  structure  of  non-crystalline  materials. 

The  measured  X-ray  diffraction  intensities  for  the  largest  possible  angular  theta  range  (7.25- 
74.25)'’  were  corrected  for  polarization  and  then  converted  into  electron  units.  The  reduced 
interference  function  i(Q)  where  Q  =  (47tsin0)/X  was  calculated  from  the  corrected  and  converted  I,  as 
follows: 


KQ)  = 


<  r 


(1) 


<  f  >' 

where  <f>  stands  for  the  mean  atomic  scattering  factor  averaged  over  the  atomic  concentrations. 
By  a  Fourier  transformation  of  Qi(Q)  the  correlation  function  G(r)  is  obtained; 


G{r)  =  —  ]  QiiQ)  sm{  Qr)dQ  <2) 

71  0 

Both  the  REDD(r)  and  the  pair  distribution  function,  g(r),  can  be  calculated; 

REDD(r)  =  4ot^Po  +  rG(r)  =  (3) 

where  po  is  the  mean  electronic  distribution  density.  The  Fourier  transformation  was  carried  out  in  the 
range  Q  =  1 .03  to  Q  =  7.84  A"'. 

Fig.  5  shows  the  REDD  curves  obtained  for  the  investigated  glassy  composition. 


Fig.  5.  The  radial  electron  density  distribution  curves  in  the  system  (As2S3)i.x(Sb2S3)x 
^uKa=l-54  A.  Integration  range:  1.03  7.84  A"'. 


The  most  important  characteristic  of  the  REDD  curves  are  related  to  the  position,  area  and 
breadth  of  the  first  3-4  peaks. 

Careful  analysis  of  the  REDD  curves  allowed  for  getting  the  numerical  data  in  Table  1. 


Table  1.  The  most  important  characteristic  of  the  REDD  curves  in  the  system  (As2S3)i.x(Sb2S3)x. 


Sb2S3 

(X) 

First  coordination  peak 

Second  coordination  peak 

r2/r, 

ri(A) 

Half  breadth 

o(ri) 

Area 

(u.e.) 

r2(A) 

Half 

breadth 

a(r2) 

Area 

(u.e.) 

0.00 

2,250 

0.588 

1456 

3.460 

0.600 

3827 

1.538 

0.05 

2.274 

0,558 

1493 

3.451 

0.584 

3984 

1.518 

0.25 

2.349 

0.606 

2005 

3.563 

0.597 

5227 

1.517 

0.45 

2.325 

0.597 

2156 

3.539 

0.617 

5628 

1.522 

0.65 

2.361 

0.587 

2407 

3.55 

0.577 

6093 

1.504 
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4.  Discussion  and  structural  model 

X-ray  diffraction  data  have  been  reported  for  AS2S3  glass  by  a  number  of  workers  [17,  18]. 

There  is  general  agreement  that  the  As-S  bond  length  is  similar  to  that  in  the  crystal  and  that 
the  radial  distribution  functions  are  consistent  with  three  fold  coordination  of  sulfur  atoms  about 
arsenic  atoms.  Yhe  existence  of  a  sheet-like  structure  in  the  glass  has  been  suggested  on  the  basis  of 
the  correspondencin  position  of  the  FSDP  and  the  (020)  reflection  of  orpiment  (c-  AS2S3),  but  there  is 
no  feature  in  the  RDF  for  the  glass  corresponding  to  the  cross  ring  Co  distance  in  the  crystal,  showing 
that  the  sheets  are  more  or  less  disordered  in  the  glass.  Chemical  and  difraction  studies  on  a  variety  of 
glass  compositions  in  the  arsenic-sulfur  system  [18]  have  shown  that  the  presence  of  arsenic  in  excess 
of  the  AS2S3  composition  increases  the  layer  separation  in  glass,  while  sulphur  in  excess  gives  rise  to 
discrete  Sg  rings. 

The  crystalline  structure  of  Sb2S3  is  a  complex  one.  Atoms  forms  thread-like  molecules, 
neighbouring  molecules  are  coupled  to  form  a  ribbon  along  the  b  axis.  The  band  themselves  are 
combined  into  layers  (double  ribbons)  which  are  parallel  to  the  b-axis.  The  double  ribbons  have  the 
composition  (Sb4S6)n.  The  ribbons  represent  deformed  positions  of  a  rock  salt  structure,  somewhat 
reminiscent  of  the  SnS  structure.  The  coordination  number  of  the  Sb  atoms  is  hard  to  define,  it  is  at 
least  three  [19]. 

For  the  Sb2S3  glass,  Zacharov  and  Gerasimenko  [20]  reported  the  number  of  S(Sb)  atoms 
surrounding  a  Sb(S)  atom  as  4(2.7).  The  higher  coordination  numbers  that  in  the  corresponding 
crystalline  phase  were  explained  as  a  result  of  the  absent  atoms  at  the  distances  3.15  A  and  3.20  A 
which  reflects  the  manner  of  joining  Sb-S-Sb-S  ...  chains  into  ribbons. 

Tatarinova  [21]  has  shown  from  electron  diffraction  data  on  thin  Sb2S3  amorphous  films  that 
the  number  of  S(Sb)  atoms  surrounding  a  Sb(S)  atom  was  6(4).  A  dense  octahedral  packing  of  Sb  and 
S  atoms  was  proposed.  Resetnik  [22]  reported  coordination  numbers  5.9(3.95)  for  an  amorphous 
Sb2S3  film. 

As  regarding  the  system  As2S3-Sb2S3  Tichy  et  al.  [23]  have  shown  that  in  the  first 
approximation  it  is  a  nearly  ideal  solution  of  the  AS2S3  and  Sb2S3  microstructural  species,  while 
Kawamoto  and  Tsuchihashi  [12]  concluded  from  the  results  of  the  study  of  the  various  properties  and 
structure  of  glasses  that  the  structure  is  composed  of  AS2S3  and  Sb2S3  regions  which  are  joined 
together  by  linkages  like  As-S-Sb.  On  the  other  hand  Vinogradova  [24]  has  shown  from  the  diagram 
of  state  that  in  the  system  takes  place  eutectic  interaction  because  the  eutectics  is  degenerated.  The 
system  do  not  have  solid  solution  region,  nor  ternary  compounds.  The  liquidus  cuitc  shows  the 
tendency  to  separation  in  the  system  [24], 

The  FSDP  measures  the  spacing  in  layered  molecular  clusters  (quasi-periodicity)  or  can  be 
associated  with  certain  forms  of  long-range  order  in  the  structure  [25].  The  ordering  of  the  quasi- 
layers  is  measured  by  the  correlation  length,  D.  The  increase  of  D  with  x  shows  an  increasing  ordering 
when  Sb2S3  is  added  to  AS2S3. 

The  quasi-periodicity  increases  up  to  x  =  0.5  (Fig.  3.b).  This  seems  to  be  the  limit  of  insertion 
of  Sb  into  the  AS2S3  network  (by  substituting  As).  Then  Sb  dominates  and  so  the  typical  Sb2S3 
structure  imposes  its  pattern  to  the  amorphous  alloy. 

It  is  remarkable  that  the  REDD  curves  (fig. 5)  show  a  well  evidenced  peak  at  distances  as  high 
as  -5.5  A  and  this  MRO  feature  can  be  related  to  the  particular  feature  in  the  diffraction  pattern  at  the 
position  of  FSDP. 

The  above  described  features  can  be  related  to  the  evolution  of  density  with  x.  The  deviation 
of  p  from  the  linear  low  corresponding  to  the  model  with  phase  separation  can  be  explained  by  the 
model  with  substitution  of  As  by  Sb  when  the  As-S  bonding  length  becomes  smaller  as  shown  by 
Durand  et  al.  [26]  (from  2.286  A  for  x  -  0  to  2.283  A  for  x  =  0.75).  So,  the  density  becomes  higher 
than  for  the  case  of  simple  substitution.  For  x>0.5  the  density  tends  to  the  value  with  a  mixture  of 
glassy  microphases:  AS2S3  and  Sb2S3. 

The  weak  diminishing  of  microhardness  when  the  Sb2S3  is  added  can  be  interpreted  as  a  bond 
weakening  during  As  substitution  by  Sb.  For  higher  content  of  Sb  x>0.45  the  prevalence  of  Sb2S3 
microphase,  increases  the  microhardness  (as  observed  in  Fig.  2).  Further  insight  into  the  structure  of 
As2S3-Sb2S3  glassy  systems  can  be  obtained  from  the  REDD  curves. 
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The  position  and  the  area  under  first  peak  (ri  and  Ai)  gives  information  on  the  first  atomic 
coordination  sphere  in  the  system.  Fig.  6a  and  6b  shows  the  evolution  of  the  position  of  the  first 
atomic  coordination  in  the  system  and  of  the  area  (in  electronic  units)  compared  to  the  theoretical  data 
assuming  a  linear  variation  of  these  parameters  with  the  composition  (the  case  of  a  phase  mixing  in 
the  system). 

The  electron  density  data  for  AS2S3  and  86283  in  the  first  coordination  sphere  were  calculated 
for  the  case  of  3-fold  and  four-fold  coordination  of  As  and  respectively  8b  in  the  frame  of  a  random 
covalent  model,  according  to  the  formulas: 

A3  =  2[3xZa.Zs  +  (1-2x)Zs'] 

A4  =  2[2x^Zsb’  +  ( 1  -x)-Zs^  +  3x(  1  -x)ZsbZs] 
where  Zas,  Zsb,  and  2$  are  the  number  of  electrons  on  As,  Sb  and  S,  respectively. 

From  Fig.  6  we  may  conclude  that  antimony  enters  into  the  alloy  with  a  coordination  number 
higher  than  3.  The  second  peak  in  REDD  curves  gives  the  distances  directly  related  to  the  bond  angle 
on  As,  Sb  and  S  atoms. 


Fig.  6.  First  coordination  (position  (a)  and  magnitude  (b))  in  the  system  (As2S3)i. 

x(Sb2S3)x  from  REDD. 

experimental  data; 

-o-  (a)  data  from  literature  [6]; 

-o-  (b)  calculated  values  for  three  coordinated  atoms  As  and  Sb  (case  1)  and  three- 
coordinated  As  and  four-coordinated  Sb  atoms  (case  2). 

Fig.  7  a,  b  shows  the  experimental  numerical  values  for  the  position  and  area  of  the  second 
peak  of  REDD,  together  with  the  calculated  data  and  those  from  literature. 

The  second  coordination  peak  in  the  system  follows  the  general  trend  of  increasing  with  x. 
Nevertheless  the  lower  values  in  the  glass-forming  region  speak  in  favour  of  a  more  distortion  of  the 
basical  pyramidal  configurations  AS-S3  and  Sb-Sa  that  lead  to  lower  bonding  angle  on  the  atoms.  This 
feature  is  correlated  with  the  higher  density  of  glassy  alloys. 

The  area  under  the  second  peak  (A2)  can  be  compared  with  the  theoretical  curves  for  three 
cases,  as  calculated  in  [6]: 

case  C:  crystalline-like  radial  distribution  (Sb2S3); 

case  L:  layer-like  radial  distribution  based  only  on  interlayer  distances  (Sb2S3); 

case  B:  band-like  radial  distribution  based  only  on  interband  distances  (SbaSs). 

In  the  case  C,  Sb  has  as  second  neighbours  8  Sb  atoms  in  an  anisotropic  coordination;  in  the 
case  L  a  highly  anisotropic  second  coordination  with  6  Sb  do  exist;  in  the  case  B  a  Sb  atom  is 
coordinated  to  4  Sb  atoms  in  the  second  coordination  sphere.  It  is  remarkable  that  our  experimental 
points  are  situated  near  the  layered  case.  It  must  be  concluded  that  the  real  amorphous  structure  is 
consistent  with  a  model  with  configurations  similar  to  those  in  crystalline  Sb2S3.  In  the  same  time 
glassy  Sb2S3  can  be  classified  as  different  if  compared  to  the  layered  structure  of  AS2S3  and  more 
closed  to  the  continuous  random  structure  of  the  type  As2Te3. 
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Fig.  7.  The  position  and  area  of  the  second  peak  in  REDD  compared  with  the  theoretical 
models  (-o-  data  from  literature  [6]). 


The  amount  of  disorder  in  the  system  can  be  investigated  by  means  of  the  half  breadth  (o)  of 
the  distance  distribution  in  the  coordination  spheres,  as  resulted  from  REED. 

Fig.  8  shows  the  widths  of  the  coordination  spheres  for  the  investigated  samples  in  the 
system.  The  width  of  both  coordination  remains  practically  unchanged  when  Sb2S3  is  added  to  AS2S3. 

No  significant  modification  of  MRO  is  produced  when  x  increases,  as  proved  by  the 
decreasing  tendency  of  o. 


Fig.  8.  The  variation  with  x  of  the  breadths  of  the  Fig.  9.  The  evolution  of  the  ratio  ra/ri  in  the 

first  two  coordination  spheres  in  the  system  system  (As2S3)|.x(Sb2S3)x 

(As2S3)|.x(Sb2S3)x.  -0-  data  from  literature. 


The  mechanism  of  transition  from  layered  to  continuous  random  network  with  x  can  be 
understood  on  the  basis  of  Fig.  9.  In  this  figure  is  plotted  the  ratio  of  the  position  of  the  first  two 
coordination  spheres  for  various  x. 

It  is  remarkable  the  general  tendency  towards  lowering  of  the  bond  angles  in  the  glassy 
system  when  Sb  is  added.  The  non-orpiment  configurations  develop  up  to  x  =  0.65.  As-S-Sb  bridges 
lead  to  chain  branching  and  folding  and  to  the  interconnections  of  layer-like  AS2S3  configurations. 

From  infrared  reflectance  spectrometry  Kapoutsis  et  al  [27]  have  found  that  the  destniction  of 
As-S-As  bridges  with  increasing  Sb2S3  content  is  accompanied  by  the  creation  of  mixed  As-S-Sb 
bridges,  which  reach  maximum  abundence  at  x  =  0.45.  After  x  =  0.65  the  Sb2S3  configurations  dictate 
the  structure,  and  the  ratio  r2/ri  increases  up  to  Sb2S3  value. 

5.  Conclusions 

The  system  As2S3-Sb2S3  in  glassy  form  represents  an  interesting  transition  from  the  layer-like 
structure  of  AS2S3  that  incorporates  step  by  step  more  Sb  atoms  on  the  As  sites  to  continuous  random 
structure  similar  to  As2Te3  structure.  The  transition  to  three  dimensional  structure  (at  x  =  0.45)  is 
accompanied  with  a  more  and  more  advanced  separation  of  Sb2S3  clusters.  Therefore,  the  transition 
with  X  signifies  the  formation  of  a  more  homogeneous  structure  at  the  atomic  scale,  although  clusters 
of  Sb2S3  bands  are  practically  sandwiched  with  AS2S3  fragments. 
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The  intercalation  of  Sb  atoms  into  the  AS2S3  layer  up  to  saturation  is  proved  by  the  increase  of 
the  quasi-periodicity.  The  intercalation  of  Sb2S3  configurations  is  proved  by  the  decrease  of  the  FSDP 
area.  A  model  with  disordered  configurations,  intermediary  between  the  Sb2S3-like  compacted  bands 
where  some  As  are  included,  and  layer-like  configurations,  seems  to  be  realistic  for  this  system. 
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Optical  properties  of  the  glasses  from  the  systems  with  a  constant  ratio  of  Ge/Se  and  different 
concentrations  of  gallium  are  investigated.  The  spectral  dependence  of  the  absorption 
coefficient  a,  is  calculated  from  transmission  spectra.  The  optical  band  gap,  Eg'',  found  to 
increase  with  the  addition  of  gallium.  This  variation  is  explained  by  the  increase  of  the  average 
bond  energy  that  occurs  with  the  addition  of  Ga  into  the  alloys.  The  optical  constants,  were 
also  calculated  from  the  transmission  spectra,  using  a  method  proposed  by  Swanepoel. 
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1.  Introduction 

Chalcogenide  glasses  are  promising  optical  materials  due  to  their  transparency  in  the  IR 
region,  relatively  good  thermal,  mechanical  and  chemical  properties  and  the  low  optical  losses. 
Germanium  chalcogenides  with  the  addition  of  Sb  [1],  As  [2]  and  In  [3]  have  already  investigated. 
These  studies  have  mainly  focused  on  the  improvement  of  the  optical  transmission  of  the  alloys  in  the 
IR  region  [4]  and  attention  has  mainly  given  on  the  choice  of  the  proper  modifier  or  on  the 
improvements  of  the  preparation  conditions. 

In  the  present  study  we  investigate  the  effect  of  the  addition  of  Ga  in  two  amorphous  systems 
where  the  ratio  of  Ge/Se  was  kept  constant.  Mitkova  and  Boncheva  [5]  have  studied  the  glass¬ 
forming  region  of  the  Ge-Se-Ga  system.  They  found  that  good  glasses  are  prepared  having 
concentrations  as  high  as  35  at.%  of  Ge  and  20  at.%  of  Ga. 

We  report  the  dependence  of  the  optical  absorption  coefficient,  of  the  refractive  index  and  of 
the  extinction  coefficient  on  the  Ga  content.  On  the  base  of  the  results  we  discuss  a  correlation 
between  the  composition  and  the  optical  properties  in  terms  of  the  chemically  ordered  covalent 
network  model  [8]. 

2.  Experimental 

We  investigated  bulk  and  thin  films  of  (GeSe4)i.xGax  and  (GeSe5)i.xGax  systems,  with  up  to  20 
at  %  Ga.  Bulk  glasses  were  prepared  with  the  melt-quenched  technique,  using  4N  purity  elements  of 
Se,  Ge  and  Ga.  Evacuated  ampoules  with  the  initial  substances  were  heated  in  a  rotated  furnace.  The 
synthesizes  were  carried  out  with  a  constant  heating  ratio  of  3  K/min  up  to  a  final  temperature  1200 
K.  Glasses  were  obtained  after  a  quenching  in  a  mixture  of  water  and  ice. 

Thin  films  were  evaporated  on  glass  substrates  in  a  standard  vacuum  installation,  using  the 
respective  bulk  composition  as  a  source  material.  The  residual  pressure  was  1.33  10'^  Torr,  the 
distance  source-substrate  was  0.12  m,  and  the  temperature  of  the  evaporation  source  was  800-900  K. 
The  typical  thickness  was  about  0.5|Lim.  The  amorphicity  of  both  bulk  and  thin  films  was  examined 
by  the  X-ray  diffraction  technique. 

Optical  transmission  of  the  bulk  samples  was  measured  in  the  spectral  region  400-900  nm  or 
1.2- 1.8  eV,  using  a  75  W  halogen  lamp  and  a  monochromator.  The  intensities  of  the  incident,  lo  and 
transmitted  light,  I,  were  measured  with  a  silicon  detector  at  the  shorter  and  a  germanium  detector  at 
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the  longer  wavelengths.  The  transmission  of  the  thin  films  was  measured  in  the  energy  range  of  2.1-3 
eV,  using  two  independent  techniques:  one  was  similar  to  that  used  for  the  bulk  samples  and  the  other 
was  by  a  double  channel  spectrophotometer  in  VIS  and  NIR  regions.  The  refractive  index  and  the 
extinction  coefficient  are  obtained  using  a  computer  program  based  on  a  method  described  by 
Swanepoel  [6]. 

3.  Results  and  discussion 

The  optical  absorption  coefficient,  a,  is  calculated  from  the  transmission,  T=  VI  and  using  the 
relation 

a=l/d[ln(l-R)2/T]  (1) 

where,  d  is  the  thickness  and  R  the  reflectivity.  The  energy  variation  of  the  absorption  coefficient 
gives  an  indication  of  the  distribution  of  the  density  of  states  in  the  energy  gap.  The  low  energy 
region,  1.2-1. 8  eV,  which  is  obtained  by  measuring  transmission  through  the  thick  bulk  samples, 
gives  an  estimate  of  the  density  of  the  deep  defects  states  at  mid-gap.  The  absorption  spectra  of  the 
thin  films  one  are  determined  at  the  high-energy  region,  2.1-3  eV,  obtained  by  measuring 
transmission  through  the  thin  films.  In  the  region  with  energies  higher  than  2.5  eV,  the  absorption 
coefficient  shows  a  parabolic  variation  on  the  photon  energy,  while  up  to  2.5  eV,  it  depends 
exponentially  on  the  photon  energy  [7], 

a=ao  exp  (hv/Eo)  (2) 

where  ao=const  and  Eo  is  the  so-called  Urbach  slope.  Variations  in  the  width  of  the  exponential 
region,  Eo,  provide  information  about  the  relative  changes  of  the  structural  disorder  induced  by  an 
additive.  For  a  good  chalcogenide  material,  a  typical  value  of  the  slope,  Eo,  is  around  50  meV.  Higher 
values  of  Eo  indicate  that  the  addition  of  Ga  increases  the  disorder.  In  this  region  the  optical  band  gap 
of  the  material  is  also  determined.  The  optical  band  gap,  Eg,  of  amorphous  materials  [7]  is  usually 
defied  as  the  energy  at  which  a  has  a  value  between  10''-10’  cm"'.  In  our  case,  where  the  interference 
fringes  start  to  dominate  the  photon  energy  range  below  2.1  eV,  we  take  as  an  optical  gap.  Eg'*,  the 
energy  where  a=2xl  O'*  cm’’. 


Fig.  1.  Spectral  dependence  of  the  absorption  coefficient  for  (GeSe4)i.xGax  system. 

In  Fig.l  are  plotted  the  spectra  dependence  of  the  absorption  coefficient,  a,  for  bulk  (at  the  low 
energy  range)  and  for  thin  films  (at  the  high  energy  range)  of  (GeSe4)!.xGax  with  x  =  0,  5,  10,  15  and 
20.  As  it  can  seen  the  optical  gap  increases  slightly  with  the  gallium  content. 
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Fig.  2.  Spectral  dependence  of  the  absorption  Fig.  3.  Optical  band  gap  versus  gallium  content, 

coefficient  for  (GeSe5)i.xGax  system. 

Fig.  2  shows  the  spectral  dependence  of  the  absorption  coefficient  of  bulk  and  thin  films  with 
compositions  (GeSe5)i.xGax,  where  x=  0,  5,  10,  15  and  20.  We  can  see  that  the  addition  of  up  to  5 
at.%  Ga  decreases  the  midgap  absorption,  and  also  the  optical  gap.  The  addition  of  higher 
concentrations  of  Ga  seems  to  increase  the  absorption  gap  and  the  midgap  absorption.  Due  to  the 
similar  compositions,  the  variation  of  the  optical  band  gap  with  the  Ga  content  for  the  alloys  of  the 
system  (GeSe5)i.xGax  is  very  similar  to  that  of  the  (GeSe4)i.xGax  alloys.  In  Fig.  3  is  plotted  the 
variation  of  Eg"*,  as  a  function  of  the  Ga  content.  The  observed  increase  of  the  band  gap  can  be 
explained  in  terms  of  structural  arguments.  It  is  known  that  the  structure  of  the  Ge-Se-Ga  glasses  is 
made  up  from  tetrahedral  GeSe2  and  pyramidal  Ga2Se3  units  [8].  According  to  the  chemically  ordered 
covalent  network  model  [9]  the  GeSe2  and  the  Ga2Se3  units  are  connected  with  extra  Se  atoms.  The 
excess  Se  atoms  are  connected  in  chains.  Ge-Ge  bonds  are  not  expected  to  form  up  to  33  at.  %  Ge. 
According  to  ref  10,  the  bond  energy  of  Ga-Se  bonds  (65  kcal/mol)  is  bigger  than  Ge-Se  bond  energy 
(55.4  kcal/mol),  which  indicates  that  the  increase  of  the  Ga  content,  the  average  bond  energy  of  the 
system  will  increase.  The  formation  of  stronger  bonds  could  be  the  cause  of  the  increase  of  the 
optical  band  gap.  The  optical  constants  of  the  thin  films  were  calculated  from  the  transmission 
spectra,  using  a  method  proposed  by  Swanepoel  [6].  The  spectral  dependence  of  refractive  index,  n 
and  extinction  coefficient,  k  for  (GeSe4)i.xGax  and  (GeSe5)i.xGax  are  shown  in  Fig.  4  and  Fig.  5. 


Fig.  4.  Extinction  coefficient  and  refractive  index  for  (GeSe4)i.xGax  system. 
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Fig.  5.  Extinction  coefficient  and  refractive  index  for  (GeSe5)i.xGax  system. 

It  is  found  tliat,  at  small  wavelengths,  both  k  and  n  decrease  drastically  and  then  remain 
practically  constant.  The  values  of  k  and  n  decrease  slowly  with  the  increase  of  the  gallium 
concentration.  This  trend  of  lower  values  with  increasing  Ga  content  could  assume  to  be  connected 
with  structural  transformations  The  appearance  of  new  Ga2Se3  units  changes  the  density  of  the 
material,  which  is  consistent  with  optica!  constants’  values. 

4.  Conclusions 

Optical  properties  of  the  glasses  from  the  systems  with  a  constant  ratio  of  Ge/Se  and  different 
quantities  of  gallium  are  investigated.  The  optical  gap  found  to  increase  with  the  addition  of  gallium. 
This  variation  could  be  explained  as  due  to  the  increase  of  average  bond  energy  of  the  alloys  that 
occurs  with  the  addition  of  Ga. 
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The  paper  is  dedicated  to  the  90  anniverpiy  from  the  birth  of  my  father,  the  late  Prof.  Razum 
ndreichin^  It  IS  dedicated  also  to  the  20  commemaration  from  the  death  of  the  Academician 
Georgy  Nadjakov  the  discoverer  of  the  photelectret  state  (PES).  A  short  historical  review  on 

InnTh  1®  followed  by  a  brief  presentation  of  the  matter  of  the  photoelectret  state 

and  the  high-field  polarization.  The  most  part  of  the  results  obtained  from  Prof  Andreichin 
and  co-workers  during  investigations  of  PES  in  chalcogenide  glasses,  mainly  As^Ss  and 
AsaSj-based  ones,  is  summarized.  J-  2  3 
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1.  Introduction 


1.1.  Short  historical  presentation 

The  term  “electret”  was  introduced  at  the  end  of  the  lO"*  centuiy  by  O.  Heaviside  111  as  a 
counterpart  of  the  term  “magnet”.  The  first  representative  of  the  great  family  of  the  electrets  was  the 
^moelectret,  discovered  by  Eguchi  [2].  The  electrets  family  contains  nowadays  a  number  of 
different  members  -  thermoelectrets,  photoeleetrets,  thermophotoelectrets,^  radioelectrets 
magnetoelectrets  etc.  One  of  them,  the  photoelectret,  was  discovered  by  the  Bulgarian  physicist  g’ 
Nadjakov  in  1937  [3].  In  that  time  Prof.  Andreichin  was  a  Ph.D.  student  of  Prof  ^^^07  ^0  kept 
the  interest  to  that  matter  all  his  life.  There  was  a  strong  “photoelectret”  school  in  Bulgaria  leaded  by 
Prof  Nadjakov  (Chetkarov,  Andrejchin,  Kashukeev,  Antonov  et  al).  A  great  deal  of  the  contribution 
to  toe  photoelectret  state  investigations  has  the  Russian  School  (Fridkin,  Zheludev,  Adirovich 
Tartakovskii  etc).  There  was  a  group  of  researehers  in  India  (Pillai,  Jain  et.al.)  which  has  also 
contributted  to  the  investigation  of  toe  photoelectret  state.  Researchers  from  all  over  the  world  have 
worked  in  this  scientific  region  because  of  the  large  application  possibilities  it  gives  (PES  is  widely 
used  nowadays  m  the  technique  -  in  the  electrophotography,  xerography,  electrofL  technique  etc.).  ^ 
fhic  t  7"^  ^•■sj.maforial  m  which  the  photoelectret  state  was  proved  was  polyciystalline  sulfur.  Later 
this  state  was  found  in  many  other  wide-band-gap  materials,  crystalline  or  amorphous.  Several 

Tota'ILcttet  references  [4-7].  The  first  publication  on  photo^larization  and 

semiconductors  was  reported  in  1962  by  B.  Kolomiets  and  V.  Lyubin 
[8L  In  the  same  time  investigations  have  been  carried  out  in  the  laboratoiy  of  Prof  Andreichin  in 
Sofia.  Their  first  results  concerning  the  existence  of  a  pronounced  photoelectret  state  in  vitreous 
arsenic  sulfide  were  published  in  1965  [9].  A  great  part  of  the  investigations  on  the  photoelectret  state 
m  amorphous  chalcogenide  has  been  summarized  by  R.  Andreichin  in  Ref  [10]  ’ 

results  of  the  mvestigation  on  photoelectret 
properties  of  AszSs-based  glasses  and  thin  films  carried  out  in  the  laboratoiy  of  Prof  Andreichin  are 
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1.2.  Photoelectret  state 

The  photoelectret  state  is  characterized  by  a  prolonged  preservation  in  darkness  of  the 
photopolarization  called  photoelectret  polarization.  The  photopolarization  P  is  the  total  polarization 
obtained  for  an  illuminated  sample.  The  analysis  of  the.polarization/  depolarization  phenomena  leads  to  a 
conclusion  that  they  consist  of  three  components  (related  to  3  processes): 

(a)  A  dark  high-field  polarization,  which  is  independent  on  the  illumination.  It  disappears  for  a 
comparatively  short  time.  The  process  begins  at  once  after  the  removal  of  the  field.  This  polarization  is 
supposed  to  be  caused  by  relatively  shallow  traps  in  the  semiconductor. 

Wide-band-gap  amorphous  semiconductors  manifest  the  high-field  polarization  in  darkness  with  both 
blocking  and  injecting  electrodes.  The  latter  show  that  the  dark  polarization  is  not  only  surface,  but  also 
bulk  phenomena. 

(b)  A  high-field  light  polarization.  It  has  the  same  character  as  the  dark  one  but  the  initial  current 
and  the  accumulated  charge  are  greater.  The  corresponding  depolarization  begins  also  immediately  after 
removal  of  the  field  but  it  decays  more  slowly  in  darkness.  This  polarization  is  probably  due  to  a  higher 
concentration  of  filled  levels  at  the  same  (or  slightly  greater)  depth  as  the  dark  polarization. 

Both  high-field  depolarizations  are  supposed  to  be  the  consequence  of  thermal  recombination. 

(c)  Photoelectret  polarization  -  the  permanent  polarization  of  samples  kept  in  darlmess.  In  this 
process  the  charge  is  stored  for  a  long  time  and  deep  traps  are  filled.  The  depolarization  at  room 
temperature  after  removal  of  the  field  begins  only  when  the  semiconductor  is  illuminated  again. 

It  is  hard  to  trace  a  sharp  boundary  between  light  and  photoelectret  polarization  in  any  real  photoelectret 
and  moreover  for  the  disordered  ones:  the  zone  between  the  shallow  and  deep  states  is  smeared.  However, 
as  will  be  pointed  later,  a  relative  decision  of  this  problem  can  be  found. 

2.  Experimental 

Since  the  formation  of  the  photoelectret  state  requires  a  wide  band  gap,  different  type  of 
electrometers  must  be  used.  The  first  used  in  the  laboratory  electrometers  were  the  constructed  by  the 
Academician  G.  Nadjakov  mechanical  ones.  The  kinetics  of  the  polarization  and  depolarization  was 
investigated  using  the  electronic  electrometers  of  the  German  Vakutronik  and  of  the  Keithley  type. 

Bulk  samples  in  the  form  of  plates  0.1-1  mm  thick  were  investigated  with  both  gap  plane  and  sandwich 
type  electrodes.  Thin  films  evaporated  on  mica  or  teflon  with  a  wide  gap  between  the  electrodes  were  also 
used. 

In  the  early  years  of  investigation  of  the  electrical  properties  of  tlie  amorphous  semiconductors  it 
was  believed  that  no  problems  with  contacts  or  special  effects  associated  with  surfaces  exist.  Fritzsche  has 
pointed  that  in  several  cases  this  statement  is  not  right  [17].  Very  high  contact  resistances  are  usually 
encountered  in  wide  gap  (larger  than  1.5  eV)  amorphous  semiconductors  such  as  Se,  As2Se3,  and  AS2S3. 
E.g.  when  the  electrode  is  allowed  to  oxidize  before  it  is  covered  with  the  amorphous  film,  it  gives  rise  to  a 
larger  contact  resistance.  In  some  cases  a  hole  blocking  contact  is  formed  at  larger  biases  (V~0.5  volt)  -  the 
oxidized  contact  passes  electrons  from  the  metal  into  the  amorphous  semiconductor  but  not  reverse.  When 
the  electrode,  however,  is  a  non-oxidizing  metal,  the  low  voltage  ohmic  region  corresponds  to  the  bulk 
resistance  of  the  amorphous  material  [17].  The  type  of  the  contact  is  usually  evaluated  by  measuring  the 
U(l)  characteristics  of  the  measured  sample.  The  currents  should  be  linear  in  field  indicating  the  absence  of 
space-charge  limitations  when  electrical  resistivity  is  the  aim  of  the  investigation.  Another  way  to  check 
the  “reliable”  contact  provide  the  comparison  of  measured  I(T)  curves  obtained  by  increase  and  decrease 
of  the  temperature.  The  “hysteresis”,  however,  can  be  also  due  to  some  experimental  mistake. 

In  the  light  of  the  mentioned  above  difficulties  it  should  be  stressed  that  in  any  case  it  will  be 
necessary  to  choose  carefully  the  type  of  electrodes  for  any  composition. 

Our  experience  has  shown  that  it  is  very  hard  to  find  ohmic  contacts  for  the  wide-band-gap 
semiconductors.  Silver  contacts  are  ohmic  but  diffusion  into  the  sample  occurs  not  only  under  illumination 
and  heating  but  even  at  room  temperature.  Using  gold  is  a  little  better.  However  diffusion  of  the  contact 
material  into  the  sample  is  observed  by  high  temperatures.  The  aquadag  contacts  are  ohmic  (injecting)  and 
have  been  used  for  bulk  samples.  Thin  films  however  have  been  damaged  (partially  solved  in  the  vicinity 
of  the  contact).  These  problems  are  not  actual  when  polarization  properties  are  studied.  In  fact,  when  using 
blocking  electrodes,  both  dark  and  photopolarization  are  more  clearly  manifested  and  considerably 
stronger.  Relatively  good  blocking  contacts  have  been  obtained  by  evaporating  aluminum  on  the  films  and 
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bulk  samples.  Blocking  electrodes  have  been  also  formed  simply  by  pressing  small  metal  lamellae  to  well 
polished  bulk  samples.  Sometimes  we  put  highly  isolating  spacers  under  the  lamellae. 

In  some  of  the  experiments  a  combination  of  one  blocking  and  one  injecting  contacts  was 

used. 


3.  Results 

All  of  the  investigated  As2S3-based  samples  have  shown  typical  polarization/depolarization 
curves  at  room  temperatures.  A  more  detailed  analysis  of  the  kinetic  of  these  curves  has  shown  that 
they  are  multi-exponential  and  can  be  presented  as  a  sum  of  several  currents  with  different  initial 
values  and  relaxation  times  [11].  For  the  depolarization  currents 

(1) 

For  polarization  and  depolarization  in  the  dark  the  sum  of  the  exponents  can  be  satisfactorily 
reduced  to  a  sum  of  two  components,  a  rapid  one  and  a  slow  one.  In  the  case  of  injecting  electrodes 
the  first  component  decreases  very  rapidly.  By  depolarization  under  illumination  the  decay  curve  can 
be  resolved  into  at  least  three  components.  The  number  of  the  components  depends  on  the 
composition.  The  relaxation  times  remain  almost  the  same  even  after  keeping  the  sample  for  a  long 
time  A/  in  darkness.  The  initial  current  lo  depends  on  the  polarization  conditions  and  decreases  with 
the  time.  An  example  of  photodepolarization  current  expansion  of  AS2S3  is  presented  in  Table  1.  The 
addition  of  Ag  and  Cu  to  AS2S3  leads  to  a  decrease  of  the  number  of  the  components  and  to  changes  in 
their  relaxation  times.  The  addition  of  Sn  and  Ge  does  not  change  significantly  the  kinetics,  although 
the  time  constants  differ  with  the  compositions  (e.g.  0.026,  i^^O.OTS  and  for  AS2S3+I.5 

at.%  Sn  and  0.015,  ^^2^0.054  and  A3«0.14  for  AS2S3+2  at.%  Sn).  The  kinetics  of  the  polarization 
and  depolarization  currents  depends  also  on  the  technological  pre-history  of  the  samples. 

Table  1,  Kinetics  of  photodepolarization  current  of  vitreous  AS2S3. 
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(2) 


Differences  have  been  observed  not  only  in  the  kinetics  of  the  polarization/depolarization 
currents.  Changes  in  the  value  of  the  polarization  in  dark  (P^)  or  in  light  (P/)  when  new  elements  are 
added  to  the  basic  glass  matrix  have  also  been  registered  [12-15].  E.g.,  Pj  and  P,  shows  an  upward 
tendency  with  an  increase  in  silver  concentration  and  the  photopolarization  (P/  -Pj)  decreaeses,  like 
the  photoconductivity  [9]. 


P  =  (3) 

‘o 

A  measure  of  the  photodepolarization  P  can  be  the  ratio  lod/Iop,  or,  even  better,  Qd/Qp.  lod 
and  lop  are  the  initial  currents  of  depolarization  and  polarization,  Qd  and  Qp  are  the  charges  released 
by  the  depolarization  and  accumulated  during  the  polarization,  resp.  Since  a  sharp  boundary  between 
light-  and  photoelectret-  polarization  cannot  be  drawn,  the  decay  curve  of  the  photoelectret  charge 
Qd/Qp(t)  could  be  usable.  When  the  ratio  approaches  a  constant  value,  the  polarization  remaining  is 
due  solely  to  the  photoelectret  state  (Fig.  1).  Qd/Qp  depends  also  on  the  composition  of  the  electret 
(Table  2). 
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Table  2  .  Qd/Qp  for  bulk  samples  with  different  compositions. 
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Fig.  1.  Dependence  of  the  photo-polarization  on  the  time  At  for  bulk  samples  obtained  by 

different  cooling  technologies.  Curve  1  -  the  ampoule  with  the  melt  was  kept  24  hours  at 
200°C,  curve  2  -  the  cooling  was  performed  in  the  furnace,  curve  3  -  cooling  in  the  air  [16]. 

Powerful  methods  for  investigation  of  the  charge  created  in  the  deep  traps  of  the  electrets  are 
those  using  thermally  stimulated  discharge.  The  method  of  thermally  stimulated  currents  can  be  used 
and,  also,  the  method  of  the  thermally  stimulated  depolarization.  In  the  latter  the  heated  sample  is 
cooled  under  illumination  and  applied  voltage.  Then  on  re-heating  of  the  electret  without  applied 
voltage,  the  stored  charge  is  released.  The  discharge  I(T)  curves  are  registered  as  “glow  peaks”.  The 
shape  of  these  peaks  is  supposed  to  be  similar  to  the  uniform  density  of  the  previously  stored  in  the 
traps  charge.  Although  the  position  of  the  discharge  peaks  depends  on  the  experimental  details 
(applied  voltage,  spectral  characteristics  and  intensity  of  the  used  light,  the  velocity  of  the  temperature 
change  etc.),  a  qualitative  scheme  of  the  deep  band-gap-states  distribution  can  be  drawn.  The  bad  site 
of  this  method  is  that  it  does  not  give  a  complete  picture  of  the  whole  band  structure  but  only  of  a 
small  part  of  it. 

Fig.  2  and  3  represent  several  discharge  curves  obtained  using  the  method  of  the  thermally 
stimulated  depolarization.  The  curves  are  normalized  toward  100%  for  the  higher  extremum  in  order 
to  elucidate  the  differences  in  the  shape  and  the  position  of  the  maxima.  The  shape  of  the  obtained 
maxima  varied  with  the  composition,  both  with  the  amount  and  the  type  of  the  added  to  the  arsenic 
sulfide  metal.  A  rough  evaluation  of  the  parameters  of  the  traps,  that  are  potentially  connected  with 
these  maxima,  gives  the  values  of  0.4-0.78  eV  for  the  depth  (from  the  top  of  the  valence  band)  and  a 
minimal  concentration  of  the  filled  traps  about  lO".  [12-15].  Similar  results  have  been  obtained  by 
other  authors  in  chalcogenide  glasses  when  photoluminescence  was  investigated.  The  presence  of  two 
groups  of  levels:  one  close  to  the  band  edge,  and  another  about  1  eV  deep  in  chalcogenide  glass  has 
also  been  reported  by  Kolomiets.  et.  al.  [18]. 

Photoelectret  state  and  photopolarization  have  been  found  not  only  in  the  mentioned  above 
materials.  We  have  also  observed  them  in  glasses  of  the  AS2S3-AS2O3,  As2S3-GeS2  ,  As2S(Se)3- 
Ge2S(Se)3  and  other  systems.  Investigation  of  thin  films  evaporated  from  these  glasses  has  shown  that, 
although  less  pronounced,  the  same  polarization  phenomena  as  in  bulk  samples  are  present. 
Evaporated  layers  of  the  same  composition  as  bulk  materials  show  much  weaker  photoelectret 
properties.  However,  for  technological  reasons  thin  films  are  successfully  used  in  the 
electrophotography. 


Photoelectret  properties  and  high-field  polarization  in  chalcogenide  glasses  and  thin  films 
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Fig.  2.  Depolarization  curves  obtained  for  bulk  As2S3-based  glasses  with  different  additivities. 

4.  Discussion 

The  photoelectret  properties  of  As2S3-based  glasses  are  characterized  by  all  the  common 
features  of  the  crystalline  photoelectrets:  (1)  For  a  constant  light  intensity  the  accumulated  charge  Q 
depends  linearly  on  the  applied  field  up  to  a  certain  value  (e.g.  3  kV/cm)  and  then  tends  to  saturation; 
(2)  For  a  constant  external  electrical  field  Q  is  proportional  to  the  illumination;  (3)  For  both  constant 
field  and  illumination  Q  depends  initially  linearly  on  the  irradiation  time,  after  wich  becomes 
saturated;  (4)  The  reciprocity  law  is  obeyed  to  a  certain  high  value  of  the  radiant  energy.  The 
difference  between  the  crystalline  and  amorphous  photoelectrets  consists  mainly  in  the  lack  of  a  broad 
interval  without  traps  in  the  latter  (AE>0.4  eV  is  needed,  according  to  the  photoelectret  theory  [5]).  It 
is  obvious,  however,  that  despite  of  the  hypothesis  about  the  large  area  of  traps  distribution  in  the  band 
gap  in  the  amorphous  semiconductors,  the  presence  of  photoelectret  state  is  possible.  The  undoubted 
result  obtained  by  the  summarized  above  investigations  is  the  non-uniform  distribution  of  the  traps  in 
the  band  gap. 

Shallow  traps  are  related  to  the  dark  and  light  high-field  polarization.  The  results  of  the 
performed  current  expansion  allow  to  suppose  different  trapping  levels  for  the  different  current 
components.  They  may  differ  either  in  depth,  or  in  mechanisms  of  accumulation,  trapping  cross- 
section  etc.  It  is  not  necessary  to  connect  these  traps  with  the  band  tails,  but  it  is  very  probable  that 
they  are.  AS2S3  glasses  cooled  with  different  rates  have  shown,  differences  in  the  grade  of  their  PES, 
as  well  as  in  the  amount  of  P  and  QJQp  (Fig.  1,  the  cooling  rates  are  respectively  Vi<V2<V3).  Long 
time  annealing  or  low  rate  of  cooling  lead  to  greater  order  and  decrease  of  the  band  tails.  When  metal 
additions  are  included  in  the  glass  matrix  of  AS2S3,  the  medium  and  long-range  order  are  also 
damaged.  The  addition  of  Ag  disturb  the  chain-like  and  layer-like  structure.  New  shallow  traps 
become  active  and  the  accumulated  by  the  polarization  charge  is  released  faster.  The  addition  of  Sn 
may  help  the  formation  of  longer  layers  and  decrease  the  amount  of  shallow  traps.  The  band  tails 
decrease  and  the  gap  between  them  and  the  deep  traps  increases.  As  a  result  the  photoelectret 
properties  of  the  materials  becomes  better  pronounced.  The  change  of  the  composition  leads  to 
changes  of  the  size  of  the  semiconductor  band  gap.  This  process  can  also  increase  or  decrease  the 
assumed  gap  between  the  deep  traps  and  the  next  ones  taking  part  into  the  conductivity.  Not  only  the 
position  but  also  the  density  of  the  mentioned  traps  could  be  changed  in  a  similar  way. 

The  results  of  the  thermally  stimulated  depolarization  have  shown  that  somewhere  around  the 
middle  of  the  band  gap  a  non-uniform  distribution  of  deep  traps  also  exists.  Probably  all  die 
intermediate  states  are  localized  and  do  not  allow  a  thermal  recombination  to  the  bands  until  a 
sufficient  energy  is  absorbed.  However,  the  attempt  to  do  a  spectral  dependence  of  the 
photopolarization  at  room  temperature  has  shown  that  the  polarization  considerably  increases  only 
when  the  photon  energy  is  greater  than  the  band  gap.  This  discrepancy  might  not  be  connected  only 
with  the  slight  intensity  of  the  used  light  (see  the  last  paragraph  of  this  section). 

The  deep  gap  states  might  originate  from  dangling  bonds,  defects  and  random  deviations  from 
the  network  structure.  AS2S3  has  a  local  structure  spread  to  the  dimensions  of  the  middle-range  order. 
Independently  on  the  fact  are  the  As2S3-pyramids  connected  simply  in  layers  or  clustered,  many 
uncompensated  free  states  can  be  present  at  their  ends.  The  addition  of  new  elements  leads  to  the  formation 
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of  new  structural  units  and  changes  the  charge  and  the  amount  of  those  states.  That  is  the  reason  for  the 
different  behavior  of  the  glasses  containing  Ag  and  Sn.  In  both  cases,  however,  the  stoichiometry  was 
disturbed.  As  a  result  the  position  of  the  thermostimulated  depolarization  peaks  changes.  (All  the 
experimental  conditions  were  equal). 

In  the  same  experimental  conditions  the  depolarization  curves  of  As2S3~As203  glasses  have  not 
shown  any  significant  changes  with  the  composition.  This  is  probably  due  to  the  fact  that  both  molecular 
components  are  stoichiometric,  isomorphic  and  the  parameters  of  the  local  order  do  not  differ  essentially. 

The  thin  evaporated  films  are  essentially  more  disordered  than  the  parent  glasses.  Many  new 
shallow  traps  are  formed  in  their  band  gap  and  the  accumulated  during  the  polarization  charge  is  easily 
released. 

Several  authors  have  supposed  a  relation  between  the  dark  conductivity  and  the  position  and 
height  of  the  corresponding  peak  of  the  depolarization  current  [19,  20].  According  to  P.  Muller,  if  the 
depolarization  is  caused  by  equilibrium  charge  carriers  the  position  (temperature  of  the  maximum)  and  the 
height  of  the  TSD  peak  can  be  predicted.  P.  Muller  has  supposed  that  the  bulk  conductivity  determines 
accumulation  of  depletion  of  charges  in  the  surface,  adjacent  to  the  blocking  electrodes  regions.  Although 
such  a  model  seems  not  applicable  for  our  experimental  results,  it  is  worth  to  turn  the  attention  of  the  future 
investigations  towards  the  correctness  of  all  types  of  interpretation  of  the  TSD  results.  Moreover,  since  this 
paper  is  written  as  a  review  of  works  performed  in  the  past,  it  would  be  advisable  to  use  new  contemporary 
methods  to  elucidate  all  the  discrepancies  and  unclear  items. 

5.  Conclusions 

The  present  review  has  shown  that  the  polarization  and  photoelectret  phenomena  in  in  As2S3-based 
amorphous  semiconductors  do  not  differ  phenomenologically  from  those  in  the  corresponding  crystalline 
semiconductors.  The  explanation  of  this  phenomena  based  on  the  band  theory  for  crystalline  or  amorphous 
semiconductor,  however,  meets  with  some  difficulties  and  requires  much  more  investigations. 
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SPECTROSCOPIC  STUDIES  OF  BULK  GLASSES  AND  AMORPHOUS 
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The  effect  of  rare  earth  (Dy  and  Sm)  and  transition  metal  (Mn)  luminescent  impurities  on  the 

hSf  *"  ^  infrared, 

band-to-band  and  edge  absorption  spectroscopies  are  employed  to  obtain  information  about 
die  incorporation  of  impurity  ions  in  the  host  glass  structure  and  the  corresponding  changes  in 
intrinsic  optical  characteristics.  The  effects  of  light-soaking  and  thermal  treatment  on  the 
doped  AS2S3  glasses  were  examined  as  well.  In  the  fundamental  absorption  region  a 
reflectivity  maximurn  at  2.98  eV  shows  blue  (Dy,  Sm)  or  red  (Mn)  shift  depending  on  the 
electronegativity  of  the  impurity,  in  accordance  with  the  corresponding  variations  of  the  glass 
structure.  Near  the  edge  absorption  the  impurity  affects  strongly  the  slope  and  the  magnftude 
of  the  weak  absorption  tail.  In  the  wide  range  of  transparency  the  addition  of  impurity 
suppresses  several  absorphon  bands  indicating  the  interaction  of  dopants  with  the  host  glass 
contaminations.  Some  variations  of  the  characteristic  Raman  spectra  under  light  exposure  and 
thermal  ageing  of  doped  glasses  were  registered.  The  observed  effects  of  metal  dopants  on  the 
glass  ^  discussed  in  connection  with  the  expected  behaviour  of  the  impurities  in  the 
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1  •  Introduction 

Glassy  AS2S3  is  a  promising  candidate  for  optoelectronics  applications  because  of  its  high 
infrared  (up  to  10  pm),  high  refractive  index  (n»2.4)  and  low  phonon  energy  [1,2] 

ai5d  trl  connected  with  glassy  AS2S3  doped  with  optically  active  rare-eaith 

and  transition  metal  10ns,  because  they  alter  optical,  photoelectrical  and  transport  properties  of  the 

iv?  Tnfr  T  of  arsenic  sulphide  lies  in  the  visible  region  of  the  specftum  2.4 

eV)  and  thus  optical  transitions  involving  conduction  bands  and  edge  tail  states  overlap  with  some 
electronic  transitions  due  to  the  discrete  levels  of  the  rare-earth  ions  (Pr^^,  Nd^^  or  Dv^^)  For 
this  reason,  the  photon  energy  absorbed  in  the  broad  band  region  in  rare  earth  doped  AS2S3  ghsses  is 

on'umLsT^  enhancement  of  the  pumping  efficiency 

of  luminescmice.  This  is  an  important  effect  for  applications  such  as  in  fibre  optics  amplifiers 
operating  at  the  1 .3  pm  telecommunication  window  [6,7].  ^ 

diffraction  results  as  well  as  optical,  electrical  and  photoelectrical  characteristics  have 

Sfect^r  1  was  shown  that  doping 

affects  the  interlayer  distance  and  leads  to  creation  of  additional  localised  states  in  the  forbidden  gap 

of  the  chalcogenide  glass.  These  effects  are  manifested  by  changes  in  electrical  and  photoelectrfca^ 

'''  """ 

rb  r  f  t'"  impurities  (Dy,  Sm  and  Mn)  on 

he  structure  of  AS2S3  glass  and  the  optical  properties  measured  over  a  wide  spectral  region  The 

influence  of  metal  impurities  on  the  medium  range  order  (MRO)  structure  of  glass^was  studfed  by  X- 
ray  diffraction,  while  infi-ared  and  Raman  spectroscopies  were  applied  to  reveal  changes  in  the  short 
range  order  (SRO)  structure.  The  effect  of  doping  on  the  optical  characteristics  of  AS2S3  g5aL  was 
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investigated  by  UV-visible  spectroscopy.  Combination  of  these  experimental  techniques  may 
elucidate  the  way  metal  ions  are  incorporated  in  the  glassy  network,  and  could  help  to  optimise 
chalcogenide  glass  compositions  with  the  desired  optical  properties.  Finally,  the  effect  of  illumination 
and  annealing  of  arsenic  sulphide  bulk  glasses  and  thin  films  doped  with  Dy,  Sm  and  Mn  was 
investigated  by  infrared  and  Raman  spectroscopies. 


2.  Experimental 

Chalcogenide  glasses  AszSjMe  (Me:Dy,  Sm  and  Mn)  were  synthesised  usmg  elements  of  6N 
(As,  S)  and  5N  purity  (Dy,  Sm,  Mn).  Conventional  melting  in  evacuated  (p-lO  Torr)  and  sealed 
silica  ampoules  was  carried  out  at  two  temperature  steps,  6004-650  “C  for  2  h  and  8004-850  "C  for  8  h, 
and  was  followed  by  quenching  in  cold  water.  The  nominal  concentration  of  glass  m  metal  ion 
dopants  was  0.1  and  0.5  at.  %  (Table  1).  The  colour  of  the  obtained  glasses  varies  from  yel  ow-red  for 
pure  AS2S3,  to  dark-red  for  AS2S3  doped  with  Dy  and  Sm,  and  to  black  for  AS2S3  doped  with  Mn.  The 
glass  transition  temperature,  Tg,  of  As2S3:Me  glasses  was  measured  by  differential  thermal  analysis 
(DTA)  and  was  found  to  be  Tg«200  ”C  (Table  1),  as  compared  to  Tg  =15 1  “C  for  the  pure  AsjSj  glass 

rsi 

As2S3-Me  glass  samples  doped  with  various  amounts  of  metal  ions  were  investigated  by  X- 
ray  diffraction  on  a  Siemens  Kristalloflex  IV  diffractometer,  which  was  equipped  with  copper  target 
tube,  a  graphite  monochromator  and  a  Nal(Tl)  water  cooled  scintillation  counter.  It  is  noted  that  veiy 
accurate  recording  of  the  diffraction  patterns  was  necessary  because  of  the  nature  of  the  g  ass 
diffractograms  (i.e.  existence  of  a  few  broad  maxima),  and  the  expected  weak  structural  modifications 
due  to  the  low  level  doping  with  metal  ions.  The  samples  were  prepared  as  powders,  by  crushing 
chunks  of  the  chalcogenide  glasses,  and  were  pressed  in  special  supports  for  X-ray  measurenien  s. 
High  precision  diffraction  curves  were  obtained  using  the  step  by  step  method  in  recording  the  X-ray 
intensity.  The  number  of  X-ray  quanta  was  counted  for  20  s  at  every  angular  position,  usmg  an 

angular  increment  (20)  from  0.0050  to  0.020.  ^  j  j-  j 

The  bulk  glasses  were  cut  into  plates  of  2^3  mm  in  thickness  usmg  a  low  speed  diamond 
saw  and  then  polished  to  yield  samples  with  high  quality  flat  surfaces  suitable  for  optica 
measurements.  As2S3:Me  thin  films  of  thickness  2.0  to  8.85  pm  were  prepared  by  thermal  evaporation 
in  vacuum  onto  K-8  glass  substrates.  A  SolarBox-1500  device  equipped  with  a  Xenon  lamp  and 
infrared  and  ultraviolet  cutting  filters  was  used  as  light  source  for  exposing  bulk  and  thm  film  samples 
to  radiation  in  the  spectral  region  0.7  to  0.4  pm,  where  AS2S3  glass  exhibits  its  optical  bandgap  (2 A 
eV)  Annealing  bulk  As2S3:Me  glasses  was  accomplished  by  heating  in  an  open  air  furnace  ^  step 
by-step  mode  at  160  °C,  190  °C  and  210  °C  for  3  h,  2  h  and  1  h,  respectively.  The  as-deposited  and 

irradiated  AS2S3  thin  film  samples  were  annealed  at  160  “C  for  1  h.  ^ 

Infrared  transmittance  and  specular  reflectance  (11  off-normal)  spectra  wre  recorded  on  a 
Fourier-transform  vacuum  spectrometer  (Bruker  IFS  113V).  Appropriate  sources  (Hg  arc  and  globar 
and  detectors  (DTGS  with  polyethylene  and  KBr  windows)  were  used  to  cover  the  infrared  region 
from  30-4000  cm’'.  Five  Mylar  beam  splitters  of  variable  thickness  (3.5  to  50  were  used  m  the 
far  infrared,  30-700  cm’',  and  a  KBr  one  in  the  mid-infrared  range,  400-4000  cm  _  The  entire  infrared 
spectrum  was  obtained  by  merging  the  six  spectral  segments,  each  one  corresponding  to  the 
beam  splitter  throughout.  All  spectra  were  measured  at  room  temperature  with  V?®" 
and  represent  the  average  of  200  scans.  The  reflectance  data  were  analysed  by  employing  he 
Kramere-Kronig  technique  to  yield  the  optical  response  functions  of  the  glass,  i.e  the  complex 
refractive  index  and  dielectric  function.  The  absorption  coefficient  spectra  were  calculated  from^the 

expression  a=47ikv,  where  k  is  the  imaginary  part  of  refractive  index  ^d  v  is  . 

Raman  spectra  were  measured  on  a  Fourier-transform  spectrometer  (Bruker  RFSIOO)  in  a 
back-scattering  g^metry  and  resolution  of  2  cm’'.  The  1064.4  nm  line  of  a  Nd-Y  laser  was  used  for 
excitation  and  this  leads  to  Raman  spectra  free  of  luminescence  background.  UV-visible  room 
temperature  reflectance  and  absorption  spectra  were  recorded  on  a  Perkm-Elmer  spectrometer  (Lamda 
19)  in  the  spectral  range  0.2  to  3.2  pm. 
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3.  X-ray  diffraction  patterns 

The  measured  diffraction  curves  have  shown  that  all  chalcogenide  compositions  considered  in 
this  work  are  completely  amorphous.  The  main  difference  between  the  measured  diffraction  curves 
was  found  in  angular  region  comprising  the  first  sharp  diffraction  peak  (FSDP)  as  shown  in  Fig.  1 . 
This  finding  suggests  that  doping  influences  primarily  the  medium  range  order  structure  of  the  glassy 
network.  A  shift  of  the  FSDP  from  its  position  in  pure  AS2S3  glass  can  be  observed  in  the  diffraction 
curves  of  doped  glasses  (Fig.  1),  the  direction  of  which  depends  on  the  type  of  doping  metal.  We  have 
employed  the  position  of  the  FSDP  in  each  glass  to  calculated  the  per  cent  relative  change  of  the 
interlayer  distance  between  AS2S3  layers  in  the  glassy  network,  Ad/d  (%),  as  a  function  of  metal  ion 
type  and  content. 

The  obtained  change  of  interlayer  distance  was  found  to  depend  linearly  on  the  per  cent 
ionicity  of  the  metal-sulphur  bond,  suggesting  a  direct  influence  of  Me-S  bonding  on  the  MRO 
structure  of  glass.  The  AS2S3  disordered  layers  are  distorted  locally  by  insertion  of  metal  ions  that 
bond  to  sulphur  atoms.  Me-S  interactions  of  high  covalency  give  rise  to  strong  directional  bonding 
that  makes  the  layers  more  rigid,  while  the  stiffness  of  layers  decreases  when  the  Me-S  bonding  is 
mainly  ionic  and  therefore  weaker.  Thus,  the  intralayer  ordering  and  the  interlayer  packing  are 
dependent  on  the  type  of  metal  ions  introduced  in  AS2S3  glass.  Samarium  and  dysprosium  exhibit 
electronegativities  lower  than  manganese,  and  thus  assume  the  role  of  network  modifier  ions  with 
ionic  Me-S  bonding.  This  effect  allows  for  a  better  packing  of  the  disordered  AS2S3  layers,  which  can 
now  assume  a  smaller  interlayer  distance  with  respect  to  pure  AS2S3  glass. 


Fig.  1.  X-ray  diffraction  curves  of  bulk  glasses  in  the  region  of  the  first  sharp  diffraction  peak 
(FSDP);  AsjSjfl),  AS2S3+O.I  at.%Dy(2),  AS2S3+O.I  at.%  Sm  (3),  AS2S3+O.5  at.%  Sm  (4), 

AS2S3+0. 1  at.%  Mn  (5),  and  AS2S3+O.5  at.%  Mn  (6). 

The  higher  covalency  of  Mn-S  bonding  renders  the  Mn  ions  a  network  former  role,  and  thus 
the  disordered  layers  become  stiffed  by  the  insertion  of  manganese  ions.  This  leads  to  an  increase  of 
the  effective  layer  thickness  and  a  consequent  increase  of  the  interlayer  spacing.  The  effect  of  the  low 
metal  ion  contents  on  the  AS2S3  glass  can  be  explained  by  co-operative  effects.  Insertion  of  few 
dispersed  ions  in  the  layer  structure  can  induce  a  (dis)ordering  effect  on  a  scale  larger  than  the 
distance  of  the  first  co-ordination  sphere  and,  therefore,  the  interference  between  the  induced  zones 
can  amplify  the  (dis)ordering  effect. 


4.  UV-VIS  reflectivity  spectra  in  the  fundamental  absorption  region 

The  reflectivity  spectra  of  the  bulk  glassy  samples  with  composition  AS2S3  and  As2S3;Me 
(Me:Sm,  Dy,  Mn)  are  presented  in  Fig.  2.  The  spectra  of  As2S3:Me  glasses  are  normalised  to  the 
AS2S3  spectrum  at  the  photon  energy  of  2.6  eV,  which  is  near  the  fundamental  absorption  edge.  This 
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normalisation  procedure  removes  difference  in  reflectivity  of  about  8  %  due  to  surface  imperfections 
of  the  glass  samples. 

In  the  photon  energy  interval  between  2.5  and  6.2  eV  a  broad  double  reflectivity  peak  is 
observed  in  accordance  with  results  of  earlier  studies  [2,  10-12],  and  can  be  attributed  to  electronic 
transitions  from  the  valence  band  to  the  conduction  band  minimum.  According  to  band  structure 
calculations  in  a  tight-binding  approximation  [13,14],  the  states  near  the  valence  band  edge  of  AS2S3 
result  predominantly  from  the  p-orbital  electron  lone-pair  of  the  chalcogen  atom  (low-energy  side  of 
the  reflectivity  peak  in  Fig.2),  and  the  high-energy  side  of  the  peak  is  due  to  p-  and  a-  orbital  states  of 
chalcogen.  In  addition  to  chalcogen  orbitals,  both  parts  contain  contributions  of  the  p-  and  s-orbitals 
of  arsenic.  In  this  approximation  the  shape  of  the  spectra  is  governed  by  the  SRO  structure  of  glass. 

Watanabe  et  al.  [15]  have  pointed  out  the  important  role  of  intermolecular  interactions  in 
chalcogenide  glasses,  which  are  responsible  for  the  strong  dependence  of  the  optical  gap  on  external 
pressure.  The  inclusion  of  intermolecular  interactions  leads  to  marked  changes  in  the  density-of-states 
spectra  of  the  valence  bands,  resulting  in  the  smoothing  and  broadening  of  their  characteristics.  Such 
changes  are  observed  in  the  reflectivity  spectra  in  Fig.  2  with  addition  of  metal  impurity.  Introduction 
of  rare  earth  Sm  and  Dy  ions  causes  the  broadening  of  the  main  reflection  feature,  especially  around 
its  high-energy  peak  at  3.5  eV,  as  quoted  in  earlier  studies  [10]. 


Fig.  2.  Reflectance  spectra  of  bulk  glasses;  AS2S3  (1),  AS2S3+O.I  at.%Dy  (2),  AS2S3+O.I 
at.%Sm  (3),  AS2S3+O.5  at.%Sm  (4),  AS2S3+O.I  at.%Mn  (5)  and  AS2S3+O.5  at.%Mn  (6). 

However,  addition  of  the  transition  metal  Mn  ions  to  AS2S3  glass  decreases  the  reflectivity 
and  bandwidth  of  the  aforementioned  band.  As  shown  in  Fig.  2,  the  induced  changes  by  metal  ion 
doping  increase  with  increasing  impurity  content  from  0.1  to  0.5  at.  %  Sm  and  Mn.  The  fall  of 
reflectivity  in  the  5  to  6  eV  energy  range  in  the  presence  of  metal  impurities  may  be  associated  with 
the  effect  of  impurities  on  the  degree  of  intermolecular  interactions,  which  influence  significantly  the 
density  of  states  in  this  energy  range  [15].  The  changes  in  intermolecular  interactions  were  found  to 
be  reflected  in  the  increase  (Mn)  or  decrease  (Sm  and  Dy)  of  the  interlayer  distance  as  discussed 
earlier  in  this  work.  However,  these  observations  are  insufficient  to  provide  a  quantitative  explanation 
of  the  impurity  effect  on  the  presented  reflectivity  spectra  since  the  magnitude  of  shifts  predicted  in 
[15]  is  not  observed  here.  This  may  suggest  that  the  effect  of  metal  ion  impurities  is  considerably 
more  complex. 
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5.  Fundamental  edge  absorption 

In  chalcogenide  glasses  the  absorption  edge  is  broader  than  in  crystalline  analogues  and  this  is 
caused  by  a  broad  energy  distribution  of  electronic  states  in  the  band  gap  due  to  disorder  and  defects. 
The  absorption  edge  in  the  high  absorption  region  (a>10'*  cm'*)  is  described  by  a  quadratic  function 

(1) 

and  when  plotted  in  the  Tauc  co-ordinates  (a  hv)*^^  vs.  (hv)  [16]  gives  the  value  of  the  optical  gap.  Eg, 
determined  as  the  energy  difference  between  the  onsets  of  exponential  tails  of  the  allowed  conduction 
bands  [17],  For  amorphous  AS2S3  the  value  of  band  gap  was  found  to  be  Eg  =  2.35-^2.4  eV  [2]. 

The  optical  absorption  edge  spectra  of  AS2S3  doped  thin  films  are  presented  in  Fig.  3a.  As  in 
the  case  of  bulk  glasses,  doping  the  evaporated  AS2S3  thin  films  affects  strongly  the  optical  absorption 
edge  spectra,  as  evidenced  by  the  pronounced  shift  to  lower  energy  values. 


Composition  (at.%  Dy,  Sm,  Mn) 


Fig.3a.  Absorption  spectra  of  thin  films;  AS2S3  (1),  Fig.  3b.  Dependence  of  the  optical  band  gap,  Eg,  for 
As2S3^-0.1  at.%  Dy  (2),  AS2S3+O.I  at.%  Sni  (3),  AS2S3  doped  thin  films  on  the  type  and  content  of  metal 
AS2S3+O.5  at.%  Sm  (4),  As2S3-i-0.  1  at.%  Mn(5)and  ion  impurity;  Dy  (1),  Sm  (2)  and  Mn  (3). 

AS2S3+O.5  at.%  Mn  (6). 


The  optical  gap  Eg  determined  by  extrapolation  of  the  straight-line  portions  of  the  (a  hv)’^^  vs. 
(hv)  graphs  was  found  to  be  2.34  eV  for  AS2S3  (Fig.  3b  and  Table  1),  in  good  agreement  with 
previously  reported  data  [2].  Doping  AS2S3  glass  with  metal  impurities  was  found  to  decrease  Eg 
(Table  1),  with  the  new  optical  gap  value  being  dependent  on  the  nature  and  concentration  of  the 
metal  ion  dopant  (Fig.  3b). 


Table  1.  Glass  transition  temperature,  Tg,  optical  band  gap,  Eg,  and  A),  A2  values  of  AS2S3 

doped  glasses. 


Glass  Composition 

Tg/C 

E«eV 

A,,eV 

A2,eV 

AS2S3 

151 

2.34 

0.056 

0.31 

AS2S3+O.I  at.%  Dy 

205 

2.29 

0.11 

0.31 

As2S3-t-0.1  at.%  Sm 

213 

2.30 

0.07 

1.02 

AS2S3+O.5  at.%  Sm 

207 

2.29 

0.07 

1.02 

AS2S3+0. 1  at.%  Mn 

196 

2.32 

0.31 

AS2S3-1-O.5  at.%  Mn 

197 

2.30 

- 

- 
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Absorption  coefficient  spectra,  a,  of  bulk  glasses  were  calculated  from  transmittance,  T,  and 
reflectance,  R,  measurements  according  to: 


dd 

where  d  is  the  thickness  of  the  sample,  and  are  shown  in  Fig.4.  In  the  Urbach  edge  region  (a«]^-10^ 
cm’')  the  absorption  coefficient  spectra  depend  exponentially  on  the  photon  energy 


hv 

a  oc  exp( — ) , 
A, 


(3) 


where  A]  is  the  parameter  which  characterises  the  distribution  of  localised  states  in  the  band  gap.  In 
this  region  the  experimentally  obtained  a  spectrum  for  vitreous  AS2S3  is  similar  to  that  reported 


earlier  [16].  In  addition,  the  Ai  value  for  amorphous  AS2S3  found  in  this  work,  Ai=0.056  eV,  is  in  good 
agreement  with  the  reported  value  of  0.05  eV  [16],  whereas  for  AS2S3  doped  with  Dy  and  Sm  Ai  is 
found  to  be  somewhat  higher  (Table  1).  For  AS2S3  doped  with  Mn  the  absorption  coefficient  in  this 
region  is  very  high,  and  almost  frequency  independent  for  the  0.5  at.  %  Mn  glass.  The  broadening  of 
the  Urbach  tail  is  caused  probably  by  the  formation  of  new  impurity  metal-based  structural  units, 
which  add  compositional  disorder  to  the  existing  structural  disorder.  The  reason  for  such  behaviour 
and  the  role  of  disorder  in  the  formation  of  the  Urbach  edge  is  still  under  discussion  [18].  This  effect 
is  possibly  responsible  for  the  drastic  increase  of  absorption  in  samples  doped  with  Mn,  where  new 
Mn-based  structural  units  with  lower  optical  threshold  energy  may  be  formed  resulting  in  the  decrease 
of  the  mean  value  of  the  gap  as  in  the  case  of  alloys. 


Fig.  4.  The  absorption  spectra  of  bulk  glasses;  AS2S3  (1),  AS2S3+O.I  at.%Sm  (2),  AS2S3+O.5 
at,%Sm  (3),  AS2S3+O.I  at.%Dy  (4),  AS2S3+O.I  at.%Mn  (5)  and  AS2S3+O.5  at.%Mn  (6). 

The  absorption  coefficient  spectra  in  the  region  of  weak  absorption  (a<l  cm"')  are  also 
included  in  Fig.  4  and  show  that  doping  with  Sm  and  Dy  results  in  an  increase  of  the  absorption 
coefficient.  The  effect  of  Mn  doping  is  much  more  pronounced  and  leads  to  very  high  absorption 
coefficient  values.  It  is  known  that  in  this  region  the  absorption  coefficient  depends  strongly  on  the 
conditions  of  sample  preparation  and  the  impurities  present,  and  this  is  often  described  by  an 
exponential  dependence: 

a  cc  exp(— ) ,  (4) 

A2 

where  A2>Ai  [16].  The  value  of  A2  for  vitreous  AS2S3  obtained  in  this  work  is  A2«0.31  eV,  and  this  in 
good  agreement  with  the  reported  value  of  0.3  eV  [2].  Doping  AS2S3  was  found  to  affect  drastically  A2 
as  shown  by  the  values  reported  in  Table  1 . 

The  nature  of  the  weak  absorption  tails  in  chalcogenide  glasses  remains  to  be  investigated.  It 
is  demonstrated  that  the  absorption  in  this  region  is  sensitive  to  impurities,  though  the  tail  is  still 
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observed  in  specially  purified  samples.  This  weak  absorption  may  be  attributed  to  additional  states 
created  by  defects  and/or  impurities,  or  to  the  increase  in  the  average  amplitude  of  the  internal  electric 
fields  produced  by  the  introduction  of  additional  charged  centres.  The  latter  interpretation  can  be 
applied  to  the  present  case  since  Sm/Dy  and  Mn  dopants  enter  the  host  glass  as  three-  and  two-fold 
charged  ions,  respectively.  It  is  noted  that  the  AS2S3  glass  studied  in  this  work  shows  absorption  in  the 
region  under  consideration  which  is  about  an  order  of  magnitude  higher  than  that  of  specially  purified 
samples  employed  for  fibre-optic  applications. . 


Fig.  5.  Derivative  of  absorption  spectra  reported  in  Fig.  4.  Right  scale  gives  the  order  of  the 
density  of  states.  Spectral  numbering  corresponds  to  glass  compositions  given  in  the  caption 

of  Fig.  4. 

For  the  evaluation  of  the  density  of  states  distribution  associated  with  the  weak  absorption 
region  we  follow  the  approach  of  Ref.  [19].  By  using  standard  simplifying  assumptions  the  relation 
between  the  density  of  states  N(E)  and  absorption  spectrum  a(hv)  takes  the  form  [20]: 

N(E,-hv)  =  M[da/d(hv)],  (5) 

where  cm  The  density  of  states  N(E)  calculated  from  the  differentiation  of  the  a(hv)  spectra 

are  shown  in  Fig.  5  for  the  As2S3:0.1at.%  Me  glass  samples.  It  is  observed  that  the  Sm  doped  sample 
modifies  slightly  the  density  of  states  in  the  depth  of  the  gap,  while  doping  with  Dy  and  especially  Mn 
produces  a  substantial  increase  in  the  whole  energy  range.  This  procedure  provides  reasonable  values 
for  the  density  of  states  of  active  centres,  and  this  is  ca.  lO'^  cm'^eVV  As  shown  in  Fig.  5  Dy  and 
particularly  Mn  ions  are  more  effective  in  producing  optically  active  centres  in  AS2S3  than  Sm  ions. 


6.  MID  infrared  transmittance 

The  mid-IR  transmission  spectra  of  AS2S3  and  As2S3iMe  doped  glasses  are  shown  in  Fig.  6 
and  are  characterized  by  several  well  resolved  absorption  bands.  These  bands  are  observed  in  the 
frequency  ranges  839-1-993  cm''  (As-OH),  1500-^1587  cm''  (0-H),  2487-^2493  cm’*  (S-H),  and 
3539^3625  cm  '  (0-H),  and  are  summarized  in  Table  2.  The  characteristic  absorption  bands  for  pure 
AS2S3  are  measured  at  about  993,  1587,  2487,  and  3539-3625  cm  ',  and  are  significantly  reduced 
upon  doping  with  Sm,  Dy  and  Mn.  For  the  As2S3-t-0.5at.%  Sm  glass  additional  absorption  bands  are 
measured  at  2025  and  1500  cm"'.  The  observed  changes  upon  doping  in  the  mid  infrared  region  are 
most  likely  related  to  interactions  of  a  portion  of  the  introduced  metal  ion  impurities  with  the  inherent 
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impurities  of  the  host  glass,  such  as  hydrogen  and  oxygen  atoms.  Such  interactions  result  in  the 
reduction  of  the  relative  intensity  of  bands  associated  with  0-H.  S-H,  As-0  and  As-H  bonds  in  the 
parent  glass. 


Fig.  6.  Mid  infrared  transmission  spectra  of  glasses  AS2S3  (1),  AS2S3+O.I  at.%  Dy  (2), 
As,S3+0.1  at.%  Mn  (3),  AS.S3+O.5  at.%  Mn  (4),  AS2S3+O.]  at.%  Sm  (5),  and  AsjSj+O.S  at.% 

Sm  (6), 

Table  2.  Assignments  of  characteristic  vibrational  bands  for  vitreous  AS2S3  doped  with  Dy, 

Sm  and  Mn. 


Glass 

Infrared  frequency  (cm“^)  and  assignments 

composition 

O-H 

S-H 

9 

O-H 

AS4O6 

As-O 

As-H 

AS2S3 

3539- 

2487 

2314 

1587 

1318 

839 

AS2S3+O.I  at.%  Dy 

3625 

2493 

- 

- 

- 

993 

AS2S3+0. 1  at.%  Sm 

- 

2493 

2325 

1590 

- 

989 

AS2S3+O.5  at.%  Sm 

3623 

2493 

2024 

1500 

- 

990 

AS2S3+O.I  at.%Mn 

3623 

3460 

2493 

1590 

■ 

988 

Additional  treatment  of  glasses  by  irradiation  for  6  hours  and  annealing  at  210  “C  was  found 
to  cause  no  significant  changes  in  the  infrared  transmission  spectra.  This  fact  manifests  the  high 
stability  of  As2S3-based  bulk  glasses  towards  thermal  and  visible  light-irradiation  treatments. 
However,  a  recent  study  of  bulk  AS2S3  glass  has  shown  that  wavelength-selective  infrared  irradiation 
can  cause  a  significant  reduction  of  the  intensity  of  vibrational  modes  associated  with  CH^  impurities 
[21].  Thus,  the  method  of  wavelength-selective  infrared  irradiation  may  provide  a  novel  non-thermal 
treatment  for  the  reduction  of  infrared  absorption  attributed  to  impurities  in  As2S3-based  glasses. 
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7.  Raman  spectra 

a).  Raman  spectra  of  AS2S}  doped  glasses 


The  measured  Raman  spectra  of  AS2S3  and  As2S3:Me  doped  glases  are  reported  in  Fig.7.  The 
Raman  spectrum  of  vitreous  AS2S3  is  similar  to  that  reported  in  the  literature  [22,23],  and  is  dominated 
by  the  strong  band  at  ca.  345  cm  ’  attributed  to  the  symmetric  stretching  vibrational  mode  of  ASS3/2 
pyramids  [24].  Besides  this  strong  band  at  345  cm'',  there  are  additional  features  (shoulders)  at  ca. 
310  and  380  cm  and  can  be  assigned  to  the  asymmetric  stretching  modes  of  ASS3/2  pyramids  and  As- 
S-As  bridges,  respectively  [24].  The  presence  of  sulphur  in  excess  is  indicated  by  the  weak  band  at 
485-^495  cm  '  associated  with  the  S-S  stretching  vibration  in  Sg  rings.  Weak  bands  situated  at  188  and 
235  cm'  can  be  attributed  to  the  bending  modes  of  ASS3/2  pyramids  and  Sg  and  AS4S4  molecules 


Fig.  7.  Raman  spectra  of  chalcogenide  glasses;  AS2S3  (1),  AS2S3+0. 1  at.%  Dy  (2),  AS2S3+0. 1 
at.%  Sm  (3),  AS2S3+O.5  at.%  Sm  (4),  AS2S3+O.I  at.%  Mn  (5),  and  AS2S3+O.5  at.%  Mn  (6). 

Doping  AS2S3  glass  with  Dy  and  Sm  causes  a  slight  increase  of  the  intensity  of  bands  located 
at  235  and  185  cm  ,  as  opposed  to  the  drastically  changed  Raman  spectrum  of  the  AS2S3+O.5  at.%  Mn 
glass.  In  particular,  introduction  of  Mn  leads  to  the  appearance  of  a  number  of  narrow  bands  in  the 
frequency  region  130  to  220  cm''  which  may  be  associated  with  the  formation  of  a  new  sulphur- 
containing  units,  like  the  MnS  clusters.  In  addition,  the  most  intense  peak  at  345  cm''  splits  into  two 
bands  characteristic  of  the  presence  of  As-rich  molecular  units  (AS4S4  type  molecules),  as  reported 
elsewhere  [23].  Such  new  molecular  fragments  can  be  formed  by  a  Mn-induced  dissociation 
2As2S3_>As4S4+S2.  A  similar  dissociation  process  was  suggested  by  the  Raman  spectral  profiles  of 
freshly  evaporated  amorphous  chalcogenide  films  in  the  As-S  system  [23]. 

b).  Raman  spectra  of  light  irradiated  As 2S 3  doped  bulk  glasses 

With  the  exception  of  the  AS2S3+O.5  at.%  Mn  glass,  irradiation  with  light  in  the  visible  was 
found  to  cause  no  effect  on  the  Raman  spectra  of  all  other  compositions.  Similar  observations  were 
reported  in  a  recent  study  of  photodarkening  effects  in  glassy  AS2S3  [25].  Irradiation  with  light  of 
energy  near  the  optical  band  gap  (X=514.5  nm)  for  230  hours  resulted  only  in  subtle  differences  in  the 
measured  NMR  spectra  [25].  It  is  pointed  out  that  an  increase  of  the  relative  intensity  of  the  broad 
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band  situated  at  345  cm''  during  irradiation  was  observed  in  the  Raman  spectra  of  crystalline  AS2S3 
samples  and  was  ascribed  to  a  crystal-to-amorphous  state  transition  [17]. 


Fig.  8.  Raman  spectra  of  AsjSj+O.S  at.%Mn  glass  before  anealing  (1)  and  after  annealing  at 
T=150  "C  for  3  hours  (2),  at  T=190  “C  for  2  hours  (3),  and  at  T-210  C  for  Ihour  (4). 


c).  Raman  spectra  of  annealed  /IsA  doped  glasses 

The  Raman  spectrum  of  AS2S3  glass  was  found  to  remain  the  same  after  annealing  at 
temperatures  T=150  T  (t=3  hours),  T=190  “C  (t=2  hours)  and  T=210  (t=l  hour).  Frumar  et  a  J26 
suggested  that  the  AS2S3  glass  does  not  crystallise  even  after  annealing  for  several  /«o«ths  at 
temperatures  near  or  above  the  glass  transition  temperature.  These  findings  indicate  agmn  the  high 
thermal  stability  of  AS2S3  glass,  probably  because  of  similarities  m  the  short  range  order  structure  and 
Gibbs  free  energy  in  the  glassy  and  crystalline  states  of  arsenic  sulfide. 

The  same  behaviour  was  observed  for  the  doped  AS2S3  glasses  with  the  exception  of  t 
AS2S3+O.5  at.  %  Mn  glass.  As  shown  in  Fig.8,  upon  increasing  annealing  temperature  the  splitting  ot 
the  peak  at  ca.  345  cm''  gradually  disappears,  and  is  completely  removed  with  annealing  at  210  . 

This  effect  is  accompanied  by  the  progressive  decrease  of  the  intensity  of  the  sharp  bands  m  the  1 
to  220  cm"'  region.  Thus,  the  dissociation  process  2AS2S3 AS4S4+S2  seems  to  be  reversed  by 
annealing.  Similar  effects  were  reported  in  photodarkening  studies  of  glassy  AS2S3  where  changes 
induced  by  irradiation  at  514.5  nm  for  230  h  were  found  to  be  reversed  by  annealing  at  200  C  for 
1.75  h  [25]. 


d).  Raman  spectra  of  light  irradiated  As  ^3  thin  films 

The  Raman  spectrum  of  the  as-evaporated  AS2S3  thin  film  measured  in  this  work  was  found  to 
be  similar  to  that  reported  in  a  previous  study  [28].  This  spectrum  exhibits  sfrong  bands  at  345  and 
365  cm-',  and  several  sharp  features  in  the  region  100  to  250  cm''  (Fig.  9a),  which  can  be  assigned  to 

molecular  species  of  the  AS4S4,  As4  and  S„  type.  r  a  o 

Irradiation  of  AS2S3  thin  films  prepared  by  thermal  evaporation  was  found  to  cause  a 
photodarkening  effect,  as  manifested  by  measurements  of  the  absorption  edge  of  thin  films  (L  8.85 
urn)  before  and  after  irradiation.  It  was  found  that  irradiation  causes  a  shift  of  the  absorption  edge  in 
foe  Urbach  region  to  lower  energies.  This  shift  is  equal  to  AX=6.3  nm  when  the  film  is  irradiated  for 

20  min,  and  increases  to  AX=16.8nm  when  the  film  is  irradiated  for  6  hours. 

As  shown  in  Fig.9a,  irradiation  treatment  for  20  and  40  min  causes  the  decrease  in  the 
intensity  of  bands  at  364  and  495  cm''  and  those  in  the  frequency  region  100  to  250  cm  ,  in 
agreemL  with  results  reported  in  previous  works  [27,29].  When  the  irradiation  time  was  increased 
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to  6  hours  the  glass  exhibited  a  broad  Raman  spectrum  with  a  pronounced  feature  at  23 1  cm  (Fig. 
9a),  which  may  by  associated  with  As  clustering  in  the  glass  [19].  Such  changes  may  be  interpreted  in 
terms  of  optical  polymerization  of  AS4S4  structural  units  into  the  glassy  network,  as  reported 
previously  in  a  study  of  photoinduced  changes  in  the  infrared  spectrum  of  amorphous  AS2S3  films 
[30]. 


Fig.  9a.  Raman  spectra  of  the  as-deposited  AS2S3  thin  Fig.  9b.  Raman  spectra  of  as-deposited  AS2S3  thin  film 
film  (1),  and  after  irradiation  for  20  min  (2),  40  min  (1),  as-deposited  and  annealed  AS2S3  thin  film  (2), 

(3),  and  6  h  (4).  after  irradiation  for  40  min  and  annealing  (3)  and  after 

irradiation  for  6  h  and  annealing  at  160  "C  (4). 


e).  Raman  spectra  of  annealed  AsfS}  thin  films 

The  effect  of  annealing  on  the  as-evaporated  and  irradiated  AS2S3  thin  films  has  been  also 
investigated  by  Raman  spectroscopy,  as  shown  by  typical  spectra  in  Fig.9b.  Annealing  thin  films 
which  were  irradiated  for  times  up  to  40  min  causes  the  increase  of  the  relative  intensity  of  the  band  at 
364  cm"'  and  the  decreases  of  the  intensity  of  the  band  at  ca.  495  cm*',  while  the  features  in  the  region 
100  to  250  cm’’  remain  relatively  unaffected.  The  spectrum  of  the  annealed  AS2S3  thin  film  which  was 
irradiated  for  long  time  (6  hours)  shows  pronounced  differences,  and  this  can  be  understood  in  terms 
of  reversing  the  dissociation  process  2AS2S3  ->  AS4S4+S2  as  in  the  case  of  bulk  glasses. 


8.  Conclusions 

The  effect  of  rare  earth  (Dy  and  Sm)  and  transition  metal  (Mn)  luminescent  impurities  on  the 
optical  properties  of  the  AS2S3  glass  is  studied  in  a  wide  spectral  region.  Raman,  infrared  and  band-to- 
band  reflectance,  and  edge  absorption  spectroscopies  are  used  to  obtain  information  regarding  the 
incorporation  of  impurity  metal  ions  in  the  host  glass  structure  and  the  corresponding  changes  in  the 
intrinsic  optical  characteristics.  The  effects  of  light-soaking  and  thermal  treatment  on  the  doped  AS2S3 
glasses  were  examined  as  well.  In  the  fundamental  absorption  region  a  reflectivity  maximum  at  2.98 
eV  shows  blue  (Dy,  Sm)  or  red  (Mn)  shift  depending  on  the  electronegativity  of  the  impurity,  in 
accordance  with  corresponding  variations  of  the  glass  structure.  Near  the  edge  absorption  the  impurity 
strongly  affects  the  slope  and  the  magnitude  of  weak  absorption  tail.  In  the  wide  range  of  infrared 
transparency  the  addition  of  impurity  suppresses  several  absorption  bands  indicating  the  interaction  of 
dopants  with  host  glass  contaminations.  Illumination  for  6  hours  in  the  visible  and  prolonged 
annealing  at  210  °C  did  not  affect  substantially  the  shape  and  intensity  of  the  main  vibrational  bands 
of  the  investigated  bulk  glasses,  with  the  exception  of  the  AS2S3+O.5  at.%  Mn  composition.  The 
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observed  effects  of  metal  dopants  on  the  spectroscopic  properties  of  AS2S3  glass  were  discussed  in 
connection  with  the  chemical  characteristics  of  the  impurity  metal  ions. 
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DONOR-  AND  ACCEPTOR-LIKE  CENTER  REVEALING 
BY  PHOTOCONDUCTIVITY  OF  AMORPHOUS  THIN  As2Se3  FILMS 
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Measurements  of  photoconductivity  and  relaxation  of  positive  and  negative  charge  in  amor¬ 
phous  thin  As2Se3  layers  are  discussed.  Photosensitive  donor-  and  acceptor-like  centers  of 
1.05  eV  and  0.76  eV  energies  from  valence  band  were  revealed.  These  energies  are  constant 
and  independent  of  light  intensity  in  the  range  1.5x10*  -  1.5xl0’’  quanta/(cm^s)  and  of  energy 
of  quanta.  Wide  quasicontinuously  distribution  trap  centers  with  maximums  at  0.62,  0.87  and 
1.05  eV  were  found  by  relaxation  measurements  of  positive  and  negative  charge. 
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1.  Introduction 

The  measurement  of  a  photoconductivity  (PhC)  is  applied  to  determination  of  the  different  in¬ 
formation  about  semiconductors,  as  the  photosensitivity  of  a  material  and  its  spectral  distribution  law, 
the  identification  centers  of  trap,  recombination  of  free  charge  carriers,  etc.  [IJ.  Detailed  measure¬ 
ments  of  PhC  glass  semiconductors  was  studied  for  the  first  time  in  the  paper  of  Kolomiets  et  al.  [2], 
who  have  found  the  main  PhC  properties  dependence  of  temperature  and  intensity  of  excited  light. 

Recently,  in  connection  with  development  of  the  new  concept  about  pair  centers  and  D' 
with  variable  valence  and  negative  bond  energy  [3]  and  concept  of  “soft  potentials”  in  disordered 
semiconductors  [4]  the  attempt  of  combination  of  the  data  on  photoconductivity,  on  optical  and  pho- 
toinduced  optical  absorption  and  on  photoluminescence  in  common  description  scheme  was  made. 

E.g.,  for  massive  glass  semiconductor  a-As2Se3,  levels  of  1 .40  eV  and  1 .65  eV  from  valence 
band  were  revealed  by  measuring  optical  absorption  [5],  levels  of  0. 8-0.9  eV  were  revealed  by  meas¬ 
uring  photoluminescence  [6],  and  levels  of  0.60  eV  and  1 .05  eV  were  revealed  by  measuring  PhC  de¬ 
pendence  of  temperature  and  light  intensity  at  mono-  and  bimolecular  recombination.  These  data  are 
explained  through  configuration  electron-phonon  interaction  diagram.  Energy  of  interaction  obtained 
for  bulk  a-As2Se3  is  =  -0.45  eV  [5]. 

We  were  interested  in  investigation  of  PhC  for  thin  amorphous  layers  As2Se3  obtained  by 
vacuum  thermal  evaporation  which  are  in  more  disbalanced  conditions  than  voluminous  samples,  to 
compare  different  experimental  data  on  trap  and  recombination  centers  of  free  charge  carriers.  On  this 
topic,  a  few  published  data  exist. 

In  the  present  paper  we  investigate  photoconductivity  dependence  on  temperature  and  light 
intensity  in  a  large  interval  of  intensities  and  relaxation  of  positive  and  negative  charge. 

2.  Experimental  technique 

We  investigated  properties  of  stationary  PhC  at  the  planar  geometrical  configuration  of  elec¬ 
trodes,  because  it  characterizes  properties  of  a  sample  more  adequately,  introduces  less  errors  in  cal¬ 
culation  of  PhC,  do  not  depend  of  non-uniformity,  of  volume  illumination,  contact  effects,  etc.  [1]. 
Monochrome  He-Ne  laser  light  (X.=  0.63  pm)  was  used  for  PhC  excitation  with  maximal  intensity 
Fo  =  1.5  X  lO’’  quanta/(cm^s),  which  was  loosened  more  than  to  6  orders  by  neutral  gauged  filters. 
The  spectral  PhC  dependence  was  measured  at  different  temperatures  using  MDR-4  monochromator 
at  illumination  by  a  halogen  lamp. 
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Amorphous  As2Se3  films  of  thickness  about  1.2  -  1.5  jxm  on  glass  substrates  were  investi¬ 
gated.  They  were  obtained  by  thermal  evaporation  in  vacuum.  The  source  AsaSea  for  evaporation  was 
prepared  by  synthesis  of  elemental  As  and  Se  with  cleanness  not  less  than  10'^  %.  On  films,  the  Au 
contacts  were  made  by  thermal  deposition  in  vacuum. 


Fig.  1 .  Photoconductivity  dependence  of  temperature 
for  As2Se3  films  at  different  light  intensities  (X  = 
0.63  pm).  Lines  1-15  correspond  intensities  from 
1.5x10^^  to  1.5x10*^  quanta/cm“. 
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Fig.  2.  Photoconductivity  dependence  of  intensity 
forAs2Se3  films  at  different  temperatures  (Lux- 
Ampere  characteristic;  X  =  0.63  pm) 


The  non-steady  electrophotographic  spectroscopy  deep  levels  (NESDL)  measurements  were 
executed  by  a  standard  technique  described  in  [7]. 

Before  PhC  measurements,  films  were  subject  to  heat  treatment  in  vacuum  during  2  hours  at 
160  ^C,  to  guarantee  stationary  properties  of  the  material.  Due  to  the  strong  dependence  of  electrical 
properties  of  amorphous  As2Se3  films  of  humidity  [8],  and  to  eliminate  effects  of  air  humidity,  all 
measurements  were  carried  out  in  vacuum  (10"^  bar).  The  maximum  of  applied  electrical  field  for  a 
sample  was  600  V/cm.  The  sizes  of  contacts  were  about  1. 5x0.3  cm^,  and  distance  between  them  was 
about  0.5  cm. 


3.  Results 

It  was  found  that  for  all  measured  samples  the  current-voltage  characteristics  were  linear,  and 
the  Ohm’s  law  was  always  satisfied.  Hence  we  concluded  the  lack  of  influence  of  contacts  to  PhC 
measurements  in  a-As2Se3  layers.  The  measured  stationary  PhC  in  the  temperature  inteiwal  286  - 
413.4  K  and  at  sample  illumination  intensity  in  range  Fq  -  10"^  Fo  are  shown  in  Fig.  1.  Measurements 
of  dark  conductivity  are  shown  also. 

The  measured  dark  conductivity  is  presented  by  a  straight  line  in  log  aj  -  (IOVT)  coordinates 
for  all  temperatures.  Energy  of  activation  corresponding  to  energy  of  a  Fermi  level  (Ef)  measured 
trough  the  conductivity  of  amorphous  layers  a-As2Se3  is  0.85  ±  0.03  eV. 

PhC  dependence  of  (IOVT)  has  mixed  character,  i.e.,  in  the  dependence  of  temperature  exist 
positive  and  negative  slopes,  to  which  donor-  and  acceptor-like  levels  correspond.  It  was  found  that 
with  increase  of  light  intensity  aph(loVT)  is  shifted  without  slope  change.  Even  as  light  intensity  is 
varied  on  6  orders,  the  activation  energy  remain  constant:  AE^  =  0.20  ±  0.04  eV  for  donors  and 
AE,n  =  0.38±  0.02  eV  for  acceptors.  The  maximum  of  Oph(lOVT)  moves  to  higher  temperatures  at  in¬ 
crease  of  light  intensity  (Fig.  1 ). 
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Lux-Ampere  characteristic  (Oph(F))  of  thin  films  a-As2Se3  is  shown  on  Fig.  2.  At  temperatures 
higher  than  404  K  the  dependence  is  linear  in  coordinates  logOph  -  logF,  i.e.,  is  of  the  type  Oph  =  oo  F’', 
where  oq  is  a  constant  and  y  is  a  constant  slope  at  given  temperature.  At  temperatures  higher  than  404 
K,  the  dependence  logOpi,  -  logF  has  is  a  second  slope  with  y  >  0.5.  It  is  necessary  to  note  sharp  transi¬ 
tion  from  y  =  1  to  y  =  0.5.  These  slopes  correspond  to  monomolecular  and  bimolecular  recombina¬ 
tions  of  photoexcited  carriers  [1].  The  y  dependence  of  temperature  in  coordinates  1/y  -  T  is  non-linear 
(Fig.  3).  At  low  temperatures  it  is  almost  constant  and  changes  from  0.5  till  0.65  for  all  temperatures. 
The  drawn  average  straight  line  slope  corresponds  to  the  slope  at  the  characteristic  temperature  To  = 
590  K. 


Fig.  3.  Parameter  y  dependence  of  temperature.  Fig.  4.  Energy  distribution  of  trap  centers  density 

in  a-  As2Se3.  Data  1-3  got  by  NESDL  technique, 
data  4-5  got  form  PhC. 

The  PhC  dependence  of  temperature  at  different  excitation  energies  in  the  interval  of 
1.8  -  2.5  eV  is  alike  to  the  similar  data  obtained  at  He-Ne  laser  excitation,  namely,  PhC  also  has 
mixed  character,  and  the  activation  energies  do  not  depend  on  a  wavelength  of  excited  light.  We  in¬ 
vestigated  more  detailed  PhC  properties  using  excitation  by  He-Ne  laser,  because  it  permits  to  vary 
light  intensity  in  a  large  range. 

The  measurement  results  for  relaxation  of  accumulated  positive  or  negative  charges  by  a 
method  of  the  electrophotographic  spectroscopy  on  thin  amorphous  layers  As2Se3  in  electrode  mode 
are  shown  in  Fig.4.  More  detailed  description  of  the  experimental  technique  and  calculation  of  density 
of  the  localized  condition  is  given  in  our  paper  [7].  Broad  quasi-continuous  power  distribution  of  trap 
centers  of  donor  and  acceptor  type  with  maxima  was  retrieved  at  0.62, 0.87,  1.05  eV  by  measurements 
of  relaxation  of  accumulated  charge. 

4.  Discussion  of  measurements 

We  can  conclude  from  experimental  data  that  at  least  two  types  of  centers  (donors  and  ac¬ 
ceptors)  participate  at  PhC.  The  photoconductivity  stipulated  by  acceptors  predominates  at  lower  tem¬ 
peratures  and  at  large  intensities  of  light.  The  increase  of  light  intensity  yields  PhC  increase  and  shift 
of  its  maximum  to  higher  temperatures.  It  is  necessary  to  note  that  energies  of  activation  levels  are 
constant  and  do  not  depend  on  intensity  and  energy  of  exciting  light  quanta. 

The  PhC  dependence  of  light  intensity  and  temperature  was  calculated  in  two-level  (donors 
and  acceptors)  model  inside  the  conduction  band  [9].  Two  different  PhC  areas  are  analyzed: 


Jph  =  q  p  E  F/(v  o,  N,)exp((EF-(ED-Ev))/kT) 

Jph  =  q  p  E  (FNo  /(V  o,  N,))‘^'  exp((EA-Ev)/(2kT)) 
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The  activation  energies  are:  AEn,  -  (Ed  -  Ev)  -  Ef  and  AEb  -  (Ea  -  Ev)/2. 

Here  q  is  the  charge  of  an  electron,  k  is  Bolzmann  constant,  g  is  mobility,  E  is  electric  field 
intensity,  F  is  light  intensity,  v  is  thermal  velocity  of  free  carriers,  a,  is  capture  cross-section  of  cen¬ 
ters,  Ea  and  Ed  are,  correspondingly,  energies  of  acceptor  and  donor  centers,  which  are  situated  at  dif¬ 
ferent  sides  of  the  Fermi  level,  Ev  is  the  energy  at  the  edge  of  the  valence  band.  ^ 

We  obtained  Ea  =  0.76  eV,  Ed  =1 .05  eV,  and  the  bond  energy  of  centers  D1  and  DT  is  equal 


EA-ED  =  -0.29eV.  ...  u- 

Lux-Amper  characteristics  exhibits  the  monomolecular,  bimolecular  and  mixed  recombina¬ 
tion  of  charge  carriers.  The  slope  of  acceptor  type  in  the  dependence  Opi,(107T)  is  y  ~  lA.  Lux-Amper 
characteristics  described  above  characterize  also  model  of  trap  centres  quasicontinuously  distributed 
inside  the  forbidden  band  of  the  semiconductor.  The  dependence  y(T)  is  of  a  kind  1/y  =T/To-l  with 
characteristic  temperature  To=  590  K.  It  means  the  distribution  close  to  exponential  inside  the  forbid¬ 
den  band  [10].  ....  j  f 

The  constant  position  of  activation  energy  of  both  types  of  levels  and  its  independence  ot  en¬ 
ergy  of  quanta  of  exciting  light  is  apparently  connected  to  transportation  of  carry  with  repeated  trap. 
This  transportation  is  dominant  and  is  responsible  for  a  current  in  amorphous  semiconductors  and  is 
determined  by  exchange  of  carriers  between  zones  and  traps  irrespective  of  places  where  this  carrier 
was  generated.  At  energies  equal  or  higher  than  threshold,  there  is  apparently  an  excitation  Dl  or  D2 
centers  which  results  in  neutral  charge  Dl®  or  D2®.  These  ones  are  thermally  ionized  and  return  the 
charge  carrier  in  the  conductivity  or  valence  band.  The  further  identification  of  the  center  model  will 
be  made  after  researches  of  photoconductivity,  optical,  luminescent  and  other  properties. 

Let's  remark  that  in  paper  [7]  PhC  measurements  in  massive  samples  showed  the  results  close 
to  ours.  The  activation  energies  Ea  and  Ed  given  in  that  paper  are  0.60  and  1.05  eV,  correspondingly. 
The  difference  of  these  values  is  due  to  the  relative  unbalance  of  the  thin  amorphous  layers  compara¬ 
tively  to  voluminous  massive  samples. 

The  obtained  results  of  PhC  measurements  and  electrophotografical  spectroscopy  led  us  to  the 
dependence  of  energy  distribution  of  centers  inside  a  forbidden  band  in  amorphous  AsjScj  films 
shown  in  Fig.  4. 


5.  Conclusions 

The  PhC  dependence  of  temperature  dependence  and  of  wide  range  of  intensities  (1.5x10 
1.5x10'^  quanta/(cm^s))  and  relaxation  of  accumulated  positive  and  negative  charges  were  measured 
in  thin  amorphous  a-AsjSe.,  layers.  The  photosensitive  centers  of  donor  and  acceptor  types  with  acti¬ 
vation  energies  1 .05  eV  and  0.76  eV  relative  to  valence  band  were  retrieved,  whose  energies  are  con¬ 
stant  and  do  not  depend  neither  on  intensity,  nor  from  energy  of  exciting  light  in  rather  broad  range  of 
intensities  and  energies.  The  broad  quasi-continuous  energy  distribution  of  trap  centres  of  a  donor  and 
acceptor  type  with  maxima  was  retrieved  at  0.62,  0.87,  1.06  eV  from  measurements  of  relaxation  of 
the  accumulated  charge. 
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The  glassy  Ge-S  system  was  analysed  on  the  basis  of  Raman  spectra  with  the  aim  to  find  the 

compositional  dependence  of  cyclo-octo-sulphur  and  polycatena  sulphur. 
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1.  Introduction 

GexSi.x  glasses  have  been  intensively  studied  for  many  years.  Great  effort  was  paid  to  the 
study  of  short-range  order  (SRO)  in  these  materials.  Several  structural  models  have  been  proposed  to 
describe  SRO:  random-covalent-network  model  (RCNM),  generalised  chain  crossing  model  (CCM) 
[1,2]  and  Philipp's  model  [3].  All  these  models  were  used  by  Lucovsky  and  co-workers  [4]  for 
interpretation  of  Raman  spectra  of  Ge-S  glasses.  For  glasses  with  sulphur  overstoichiometry  authors 
have  found  that  analysis  of  IR  and  Raman  spectra  supports  CCM  model  rather  than  a  RCNM  model. 
Based  on  these  results  authors  [4]  supposed  that  mostly  two  atoms  of  sulphur  link  Ge  atoms  and  that 
the  excess  of  sulphur  separates  as  new  phase.  But  this  approach  led  to  discrepancy  between  computed 
and  experimental  data  for  increasing  overstoichiometry  of  sulphur.  The  SRO  models  based  only  on 
statistics  of  chemical  bonds  don’t  seem  to  be  good  approximation  and  they  don’t  successfully 
correlate  the  properties  of  materials  with  their  structure.  For  that  reason  authors  [5]  proposed  the 
SRO-model  for  Ge-S  glasses  which  is  based  on  the  assumption  that  atom  in  excess  of  the 
stoichiometric  composition  GeS2  is  considered  to  be  the  central  atom  of  the  respective  structural  units 
in  this  system.  The  homopolar  bonds  between  atoms  in  understoichiometry  don’t  originate.  For 
sulphur  rich  glasses  of  Ge-S  system  the  sulphur  is  central  atom  of  structural  units  and  thus  Ge-Ge 
bonds  don’t  exist.  It  means  that  germanium  can  only  takes  part  in  GeS4/2  units.  Three  basic  structural 
units  may  be  considered:  (Ge-S-Ge),  (Ge-S-S)  and  (S-S-S).  Their  ratio  bears  on  the  properties  of  the 
material.  From  the  dependence  of  relative  population  of  above  mentioned  structural  units  on 
decreasing  atomic  fraction  of  germanium,  x,  the  equivalent  relative  concentration  of  all  kinds  of 
structural  units  is  reached  for  x  =  0.2  and  for  x  <  0.2  only  the  content  of  (S-S-S)  units  increases  [5]. 
One  can  expect,  in  accordance  with  [4,6],  that  properties  of  Ge-S  system  could  differ  in  regions  x  < 
0.2  and  x  >  0.2.  The  main  aim  of  this  paper  is  analysis  of  Raman  spectra  of  glassy  Ge-S  system  with 
sulphur  overstoichiometiy'  with  respect  to  compositional  dependence  of  cycloocta-sulphur  and 
polycathena-sulphur  and  testing  of  SRO-model  [5]  applicability. 

2.  Ehcperimental 

Bulk  samples  were  prepared  by  direct  synthesis  from  high  purity  elements  in  evacuated  quartz 
ampoules  in  a  rocking  furnace.  The  melt  was  quenched  in  water  (glasses  with  x  >  0.20),  respectively 
in  air  (x  =  0.20  and  0.15).  Chemical  composition  of  glasses  was  checked  by  X-ray  microprobe 
(Kevex).  Raman  spectra  of  glasses  and  both  sulphur  allotropes  were  measured  under  laboratory 
temperature  in  the  back  scattering  geometry  using  FT  spectrometr  (Bruker  IFS-55  with  FRA-106). 
The  excitation  line  1064  nm  (Nd:YAG  laser)  and  Ge  detector  cooled  with  liquid  nitrogen  were  used. 
Specific  density  of  bulk  glasses  was  measured  by  conventional  pycnometric  method. 

Polycathena-sulphur  S„  was  obtained  as  a  rest  after  dissolving  the  cycloocta-sulphur  from 
high  purity  sulphur  (5N)  in  distilled  carbon  disulphide.  Soxhlett's  extraction  apparatus  was  used. 


Fig.  1.  Raman  spectra  of  Sg  and 
sulphur. 


Fig.  2.  Reduced  Rarnan  spectra  of  GCxS^.x 
glasses.  Labelled  bands  were  used  for 
the  study. 


3.  Results 

Lucovsky  at  al.  [4]  identified  two  species  in  Raman  spectra,  a  network  structure  based  on  a 
local  GeS4/2  configuration  and  molecular  species  Ss.  We  assumed  that  indispensable  concentration  of 
linear  chains  S„  could  be  also  present  in  the  glass,  especially  when  the  glass  is  quickly  quenched.  To 
confirm  this  assumption  we  measured  the  Raman  spectrum  of  sulphur  S,„  because  its  spectrum  was 
not  available  in  literature.  Raman  spectra  of  Sn  and  Sg  sulphur  are  shown  in  Fig.  1 .  Spectrum  of  Sn 
consists  of  four  well-resolved  bands  (263,  279,  424  and  459  cm'^).  At  the  spectra  of  Ge-S  glasses  only 
the  most  intensive  band  of  Sn  at  459  cm*’  can  be  identified  as  a  shoulder  on  473  cm"^  band  of 
cycloocta-sulphur,  see  part  labelled  'Sg+Sn  in  Fig.  2. 

Raman  spectra  of  Ge^Si^x  glasses  were  measured  for  x  =  0.15,  0.20,  0.25,  0.30  and  0.333. 
Obtained  spectra  are  shown  in  Fig.2.  Raman  bands  labelled  in  this  figure  were  used  for  our  study  from 
following  reasons: 

i)  Sg  sulphur  band  at  220  cm‘^  is  very  intensive  and  has  not  considerable  overlap  with 
surrounding  bands, 

ii)  in  the  region  ~  460  -  490  cm'^  both  sulphur  Sn  and  Sg  bands  are  found  and  can  be  easily 
separated. 

All  Raman  spectra  obtained  were  computer  separated  into  bands.  Integral  intensities  of 
labelled  bands  (Fig.  2)  were  normalised  to  the  strength  of  Raman  band  at  343  cm'*  to  provide  a 
measure  of  their  compositional  dependence,  analogously  to  [4].  This  relative  normalisation  is  based 
on  an  assumption  that  this  mode  is  associated  with  the  vibrations  of  Ge-S  bonds  and  its  strength  scales 
as  X.  Compositional  dependence  of  normalised  integral  intensities  was  compared  with  compositional 
dependence  of  (S-S-S)  species  of  the  SRO-model  [5],  see  Fig.  3. 

Specific  densities  of  studied  glasses  are  in  Fig.  4. 


Fig.  3.  Compositional  dependence  of  obtained  Raman  relative  intensities  of  monitored 
sulphur  bands  and  (S-S-S)  species  population  computed  according  to  the  SRO-model  [5]. 


Homogeneity  threshold  in  sulphur  rich  Ge-S  glasses 
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4.Discussion 

We  found  the  lower  values  of  normalised  relative  intensities  in  the  case  of  8$  in  comparison 
with  [4]  probably  bears  on  the  fact  that  authors  [4]  replaced  integral  intensities  of  bands  by  their 
heights.  The  good  agreement  was  achieved  between  compositional  dependence  of  general  Sg  and  Sn 
content  in  glasses  with  its  theoretical  prediction  based  on  the  SRO-model  [5],  Fig.  3.  Obtained 
dependence  shows  that  there  is  considerable  concentration  of  Sn  chains  in  the  glasses  with  sulphur 
overstoichiometry.  For  x  =  0.2  their  content  reaches  ~  66%  of  total  (S-S-S)  units  population,  see  Fig. 
3.  In  contrast  to  Sg  molecules,  which  have  to  separate,  it  isn't  possible,  however,  to  determine  if  the  S„ 
chains  are  separated  into  individual  phase  or  if  they  are  built  in  any  structure  containing  germanium. 


Fig.  4.  Specific  densities  of  GCxSi.*  glasses. 

From  the  compositional  dependencies,  Fig.  3,  it  results  that  with  increasing  overstoichiometry 
of  sulphur  in  glasses  GexS].*,  approximately  over  76  at.%  S,  the  concentration  of  Sg  sulphur  increases 
very  quickly  to  the  detriment  of  S„  sulphur.  Thus  if  glasses  with  sulphur  content  more  than  80  at.%  (x 

<  0.20)  are  prepared  the  cooling  rate  has  to  be  risen  up  sufficiently  to  prevent  S„  Sg  transition  and 
its  following  separation  into  microcrystalline  phase.  This  assumption  is  in  agreement  with  DSC 
results  [7].  It  is  known  that  increasing  overstoichiometry  of  chalcogen  over  ~  80  at.%  is  accompanied 
with  decrease  of  glass-forming  ability  of  Ge-X  melts,  see  e.g.  [8]. 

On  basis  of  these  results  we  conclude  that  glassy  system  GexSi.*  seems  to  be 
microheterogeneous  for  x  less  than  approx.  23  at.  %  Ge.  Its  structure  is  built  up  by  GeS4/2  tetrahedra 
partly  linked  with  S„  chains,  and  by  microciystalline  sulphur  Sg.  This  concept  corresponds  welt  with 
gradual  break  of  compositional  dependence  of  density  near  x  ~  0.23,  Fig.  4.  The  lower  volume  of 
microcrystalline  sulphur  contrary  to  amorphous  sulphur  can  be  good  explanation  of  this  break.  Our 
homogeneity  threshold  at  x  ~  0.23  corresponds  also  with  rigidity  transition  threshold  near  x  =  0.23  of 
GCxSei-x  glasses  found  by  Boolchand  [9]. 

5.  Conclusions 

The  analysis  of  Raman  spectra  of  GcxSi.x  glassy  system  has  shown,  that  in  the  region  0.20  <  x 

<  0.33  the  S„  chains  are  present  and  the  concentration  of  co-existing  cycloocta-sulphur  Sg  is  veiy  low. 
S„  chains  probably  act  as  linkage  of  GeS4/2  units  and  they  are  stabilised  by  this  way.  With  increase 
overstoichiometry  of  sulphur,  however,  the  number  of  such  kind  of  structures  decreases  and  thus  the 
content  of  free  sulphur  increases  and  sulphur  chains  can  phase-separate.  In  this  phase  of  polycathena- 
sulphur  the  transition  of  the  Sn  Sg  occurs  and  the  microciystalline  Sg  phase  creates.  It  is 
demonstrate  that  the  SRO-model  [5]  describes  well  compositional  dependence  of  relative  population 
of  (S-S-S)  units.  It  is  shown  that  these  units  are  parts  of  Sg  molecules  as  well  as  of  S„  chains. 
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The  compositional  dependence  of  Tg,  Cp  and  relaxation  enthalpy  in  the  glassy  system 

As-S  was  investigated.  The  observed  modifications  are  related  to  the  change  of 

coordination  polyhedra. 
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1.  Introduction 

Glass  transition  is  usually  characterized  by  a  phenomenological  value  Tg  and  by  a  width  of  so- 
called  glass  transition  region.  In  this  region  the  diffusive  motion  of  tlie  melt  begins  to  freeze  in,  before 
a  glassy  structure  is  achieved  with  viscosity  values  typical  of  solids  lO''*  Ns  m'^.  Glasses  are 
metastable  solid  materials  without  long  range  order.  They  lack  translation  and  rotation  symmetry.  The 
nature  of  glass  transition  is  complex  and  even  today  remains  poorly  understand.  Numerous  studies 
have  been  devoted  to  measurements  and  understanding  of  the  glass  transition  temperature  Tg  which  is 
influenced  by  experimental  conditions.  There  is  not  consensus  yet  if  structural  or  thermodynamic 
factor  are  responsible  for  determining  of  Tg. 

2.  Experimental 

The  glasses  of  the  AsxS(ioo-x)  system,  where  x  =  33  -  42  at.%,  were  prepared  by  direct 
synthesis  from  the  pure  elements.  The  differential  scanning  calorimetry  (DSC)  experiments  in  the 
heating  regime  were  performed  using  DSC  Pyris  1  (Perkin-Elmer).  The  StepScan  software  (Perkin- 
Elmer)  was  used  to  separate  steady  state  thermodynamic  and  kinetic  processes  in  the  glass  transition 
region. 


3.  Results 

Using  the  StepScan  method  the  glass  transition  temperatures,  Tg,  were  obtained.  Main  benefit 
of  method  used  is  ability  to  separate  the  heat  capacity,  Cp,  representing  the  changes  associated  with 
the  rapid  molecular  motion  in  the  material  in  the  time  scale  of  experiment  and  enthalpy  changes 
(thermodynamic  component),  AHyg,  associated  with  slow  irreversible  processes  (kinetic  component) 
in  the  glass  transition  region.  The  quantities  characterizing  thermodynamic  part  of  the  glass  transition 
are  plotted  in  Fig.l.  The  dependencies  of  the  specific  heat  capacity  difference  in  the  glass  transition 
region,  ACp  tg,  of  the  configurational  entropy  difference  in  the  glass  transition  region,  ASjg,  and  of  the 
Gibbs  free  energy  difference  in  the  glass  transition  region,  AGyg,  on  arsenic  content  were  calculated 
from  experimental  DSC  data. 


464 


E.  CemoSkov^,  Z.  CemoSek,  J.  Holubovd,  M.  Frumar 


e 
-  ^ 

H  180 


As-S  Glasses 

StepScan 

p"' 


/  / 

As 

^P,T 

ef.% 

“C 

33 

162.90 

0.196 

0.565 

35 

189.94 

0202 

0  532 

38 

200,62 

0.244 

0,521 

40 

200.98 

0.250 

0,514 

42 

106.13 

0241 

0.509 

. -t 

0.27 

0.26 

0.25 


0,23  § 


0.22 

0.21 

0.20 


36  38 

As[at.%l 


Fig.  1 .  The  dependence  of  thennodynamic  component  of  the  glass  transition  (Tg,  ACpjg)  on 
arsenic  concentration.  In  the  insert:  the  compositional  dependence  of  Cp  g  at  the  temperature 
140  “C  is  shown.  The  curves  are  only  for  eye  guidance. 

The  entropy  difference  in  the  glass  transition  region  ASjg  was  calculated  from  the  measured 
temperature  dependence  of  Cp  for  all  prepared  glasses  according  to  relation: 

T2 

AJ'  =  T.p,  -1^2  =  (1) 

7’1 

temperature  Ti  corresponds  to  the  temperature  of  the  beginning  of  the  glass  transition  and  T2 
temperature  is  the  temperature  of  the  melt  at  the  end  on  the  transformation.  For  result  see  Fig.  2. 

Gibbs  free  energy  difference  in  the  glass  transition  region,  AGjg,  for  all  prepared  samples  was 
calculated: 

=AH^^+T,^*Ajr,-  ,  (2) 

AHig  corresponds  to  so-called  relaxation  overshoot  (the  kinetic  component).  Gibbs  free  energy 
differences  in  the  glass  transition  region,  AGig,  for  studied  glasses  are  in  Fig.  3.  The  strong 
discontinuity  for  glasses  with  35  -38  at.%  of  arsenic  is  found  for  both  dependencies. 


Fig,  2.  The  dependence  of  the  configuration  entropy 
difference,  AS^g,  in  the  glass  transition  region  on  the 
arsenic  content. 


As  [at.%] 

Fig.  3.  The  dependence  of  Gibbs  free  energy 
difference  in  the  glass  transition  region  AGrg  on 
the  concentration  of  arsenic. 


Similarly  strong  change  was  observed  by  Borisova  [1]  for  composition  dependence  of  the 
thermal  expansion  coefficient  a,  see  Fig.  4. 
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All  results  obtained  were  also  plotted  as  functions  of  the  mean  coordination  number  <r>, 

Fig.  5. 


Fig.  4.  The  temperature  dependence  of  the  thermal  Fig.  5.  The  dependence  of  obtained  thermodynamic 
expansion  coefficient  a  on  the  concentration  of  quantities  in  the  glass  transition  region  as 

arsenic.  Inset  shows  the  dependence  of  function  of  <r>  for  3-fold  arsenic, 

viscous-flow  activation  entropy  on 
arsenic  content  [1], 


4.  Discussion 

The  glass  transition  temperatures  were  determined  from  measured  Cp(T)  dependencies,  Fig.  1. 
It  was  found  that  Tg  reaches  maximal  value  for  stoichiometric  composition  AS2S3.  The  calculated 
dependence  of  the  heat  capacity  difference  at  Tg ,  ACp  jg,  reaches  maximum  for  AS2S3  as  well  as  in  the 
case  of  As-Se  glasses,  see  [2],  The  concentrational  dependence  of  Cp_g  at  140  “C,  i.e.  at  temperature 
lower  than  onset  of  the  glass  transformation  temperature,  is  shown  in  the  inset  into  Fig.  1.  It  is 
obvious  that  for  chemical  compositions  close  to  AS35S65  the  strong  change  of  the  slope  of  dependence 
of  Cp_g  on  As  concentration  takes  place.  From  the  compositional  dependence  of  the  configuration 
entropy  difference,  ASxg,  in  the  glass  transition  region  (Fig.  2)  it  is  possible  to  conclude  that  the 
change  of  the  basic  structural  units  probably  takes  place  in  the  studied  glasses. 

Borisova  [1]  supposes  for  28.57  at.%  of  arsenic  existence  of  quasi-tetrahedral  units  which 
correspond  to  AS2S5  glass  composition,  and  pyramidal  units  ASS3/2  for  the  stoichiometric  AS2S3 
composition.  In  the  region  between  these  two  limit  compositions  the  transformation  of  quasi- 
tetrahedral  units  into  pyramidal  units  takes  place,  a  vice  versa.  On  going  from  AS2S5  to  AS2S3  the  value 
of  viscous-flow  activation  entropy  S„  increases  which  represents,  according  to  [1],  a  transition  from 
tetrahedral  to  trigonal  coordination  of  arsenic  in  As-S  glasses  (see  Fig.4,  inset).  Studied  glasses 
predominantly  fall  in  this  transfonnation  region.  X-ray  and  neutron  diffraction  measurements  shown 
that  structure  of  As-S  and  As-Se  glasses  are  very  similar  in  the  range  of  compositions  x  =  0  -  70,  [3], 
On  the  base  of  changes  of  Tg  slope  on  concentration  of  arsenic  it  is  concluded  [4]  that  two  fractions  of 
chemical  composition  could  coexist  in  this  region  of  chemical  compositions.  Authors  [4]  suppose  that 
two  possible  oxidation  states  of  arsenic  can  exist  in  the  studied  covalent  glasses,  i.e.  As'^  and  As”'. 
One  fraction  of  the  above  mentioned  glasses  can  be  created  by  4-fold  coordinated  As''  with  quasi- 
tetrahedral  local  configuration  with  three  bridging  Se  atoms  and  one  double  bonded  Se.  In  the  second 
one  there  are  preliminary  units  with  3-fold  coordinated  As'"  in  pyramidal  configuration.  The  change 
of  Cp,g  slope  on  composition  for  x  =  35  at.%  As  was  observed,  see  Fig.  1 ,  inset.  We  suppose  structural 
units  changing  close  this  composition.  Providing  that  all  arsenic  is  3-fold  coordinated  (As'")  the  mean 
coordination  number  <r>  =  2.35.  If  all  arsenic  is  4-fold  coordinated  (As'')  the  mean  coordination 
number  <r>  would  be  2.7.  It  is  necessary  to  point  out  that  these  two  limited  values  are  very  close  to 
the  values  for  so-called  chemical  and/or  topological  transitions  i.e.  <r>  =  2.4  or  2.65  [5,6].  According 
to  the  constraint  theory  it  is  suggested  [5]  that  valence  forces  (bond-stretching  and  bond-bending)  can 
serve  as  the  atomic  constrains  in  the  covalent  network.  It  is  supposed  that  glass  formation  would  be 
optimal  (ideal  mechanical  stability)  when  the  number  of  constrains  per  atom  equals  3  (3  degrees  of 
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freedom  per  atom  in  3D  network).  These  ideas  lead  to  the  recognition  that  glass  network  becomes  for 
<r>  =  2.4  elastically  rigid.  The  rigid  clusters  can  percolate  and  a  phase  transition  (so-called  rigidity 
transition)  can  take  place.  The  feature  observed  at  <r>  =  2.67  was  understood  using  the  structural 
transition  model  as  well  [6].  It  was  established  by  topological  consideration  using  medium-range 
structures  and  it  is  attributed  to  the  transition  from  essentially  layered  structure  to  3D  network 
arrangement  due  to  the  cross-linking.  The  dependence  of  obtained  thermodynamic  quantities  in  the 
glass  transition  region  as  function  of  <r>  is  shown  in  Fig.  5.  There  are  shown  studied  dependencies  for 
the  case  when  only  pyramidal  structural  units  are  present  in  the  glasses.  Strong  discontinuities  are 
evident  again.  Pyramids  are  also  supposed  to  be  main  structural  units  in  As-Se  glasses  with  x  <  40 

at.%  As,  [7].  r  A  o  roi  V  • 

It  is  not  possible  to  prepare  crystalline  analogs  of  As-S  glasses,  except  of  AS2S3  (oj  and  so  it  is 

necessary  to  bear  on  indirect  data  only  for  their  analysis,  unfortunately. 

5.  Conclusions 

Compositional  dependence  for  ASxS(ioo.x)  (x  =  33  -  42  at.%  As)  of  Tg,  Cp  and  relaxation 
enthalpy  in  the  glass  transition  region  were  measured.  Obtained  data  show  that  the  changes  of 
oxidation  state  and  associated  changes  of  the  coordination  number  of  arsenic  take  place  very  probably 
in  the  studied  region  of  chemical  compositions.  Changes  in  the  studied  quantities  reflect  the  changes 
of  coordination  polyhedra  (short-range  order  change).  Observed  changes  are  in  good  agreement  with 
published  structural  studies  dealing  with  the  above  mentioned  glasses. 
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CARRIER  TYPE  REVERSAL  IN  PbxGe42.xSe58  AND  PbzoGeySego-y  GLASSES 
EXHIBITED  IN  THERMAL  DIFFUSIVITY  MEASUREMENTS 
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Bulk  PbxGe42.x  Sejj  (x  =  0,  2.5,  5,  7.5,  9,  10  &  15  at.%)  and  PbzoGeySego-y  (y  =  17,  19,  21,  23 
and  25  at.%)  homogeneous  glasses  have  been  prepared  by  melt  quenching.  The  thermal  diffu- 
sivity  has  been  measured  by  the  photoacoustic  technique  using  a  laboratory  built  non-resonant 
photoacoustic  cell.  The  composition  dependence  of  thermal  diffusivity  shows  an  anomalous 
behavior  at  x  =  9  at%  of  Pb  in  PbxGe42.xSe58  and  y  =  21  at.%  of  Ge  in  PbzoGeySego-y  glasses, 
the  composition  at  which  a  p-  to  n-  conduction  transition  generally  occurs.  The  reported  elec¬ 
trical  conductivity  and  optical  band  gap  measurements  are  used  to  explain  the  minimum  ther¬ 
mal  diffusivity  value  obtained  at  the  transition  threshold  in  these  glasses.  These  results  have 
been  explained  with  the  Kolobov  model  on  the  basis  of  modification  of  the  charged  defect 
states  due  to  the  addition  of  metallic  elements. 

(Received  May  31, 2001;  accepted  June  11,  2001) 
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1.  Introduction 

The  melt  quenched  chalcogenide  glasses  are  semiconductors,  which  are  useful  in  several  po¬ 
tential  applications  like  threshold  and  memory  switching  devices  and  the  reverse  phase  change  optical 
recording  memories  [1-3].  These  glasses  generally  exhibit  p-  type  electrical  conduction  due  to  the 
pinning  of  the  Fermi  level  arising  from  the  trapping  of  charge  carriers  at  localized  gap  states  [4,5]. 
Once  it  was  believed  that  there  is  no  possibility  to  prepare  n-  type  chalcogenide  bulk  glasses.  But  in 
1979,  Tohge  et  al.  [6,7]  observed  for  the  first  time  p-  to  n-  type  electrical  conduction  reversal  in  Bi 
doped  Ge-Se  glasses.  After  eight  years,  the  same  group  [8]  have  observed  the  carrier  type  reversal  in 
yet  another  system  PbGeSe  glasses.  Since  then,  the  mechanism  of  carrier  type  reversal  has  been  in 
debate.  There  are  two  series  in  the  PbGeSe  glasses  which  exhibit  p-  to  n-  conduction  change:  one  is 
PbxGe42.xSe5g  (I)  and  the  other  is  Pb2oGeySe8o.y  (II).  Apart  from  these  two  series,  Murugavel  and 
Asoken  [9]  have  observed  n-type  conduction  in  PbxGe42.xSe48Teio  glasses  and  Mehra  et  al.  [10]  have 
found  the  conduction  change  in  PbxIn25.xSe75  glasses. 

Over  the  past  few  years  the  photoacoustic  (PA)  technique  has  developed  into  a  powerful  tool 
for  studying  the  optical  and  thermal  properties  of  solids  [1 1].  In  PA  technique  [12],  the  sample  to  be 
studied  is  placed  inside  a  closed  cell  containing  air  and  a  sensitive  condenser  microphone.  The  sample 
is  then  illuminated  with  a  modulated  beam  of  monochromatic  light.  The  sample  absorbs  the  incident 
energy;  some  of  the  energy  levels  in  the  sample  are  excited  and  subsequently  de-excite  through  non- 
radiative  relaxation  processes.  This  periodic  optical  excitation  of  the  sample  results  in  a  periodic  heat 
flow  from  the  sample  to  the  surrounding  gas.  This  in  turn  results  in  a  periodic  pressure  oscillation 
within  the  cell,  which  is  detected  by  a  microphone  as  an  acoustic  signal.  In  recent  years,  a  great  deal 
of  effort  has  been  spent  to  understand  the  role  of  certain  element  in  controlling  the  mechanism  of 
electrical  conduction  in  glassy  chalcogenide  semiconductors.  Tohge  et  al.  [7,8]  have  reported  the  re¬ 
sults  on  electrical  conductivity,  thermoelectric  power  and  drift  mobility  studies  on  both  the  series  of 
PbGeSe  glasses.  Rabinal  et  al.  [13,14]  have  carried  out  DSC  measurements  and  optical  properties  on 
PbxGe42.xSe58  glasses.  The  ac  conductivity  and  dielectric  relaxation  studies  have  been  reported  by 
Bhatia  et  al.  [15,16].  Rahman  et  al.  [17]  have  reported  the  dc  conductivity  measurements  and  current 
-  voltage  behavior  of  the  PbaoGeySego-y  glasses  and  the  origin  of  the  carrier  type  reversal  has  been 
analysed  by  Vaidhyanathan  et  al.  [18]  using  thermal,  electrical  and  structural  studies. 
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Many  researchers  [6-10,13-18]  have  analyzed  the  mechanism  of  carrier  type  reversal  but  no  con¬ 
crete  explanation  has  been  reached  so  far.  A  study  of  thermal  properties  is  on  of  the  techniques  used  to 
obtain  an  understanding  of  the  conduction  mechanism  in  chalcogenide  glasses.  It  is  established  that  the  PA 
technique  is  highly  sensitive  to  the  topological  threshold,  rigidity  percolation  and  carrier  type  reversal  in 
chalcogenide  glasses  [19,20].  The  composition  dependence  of  the  thermal  diffusivity  values  on  the  glasses 
will  help  to  reveal  the  mechanism  of  carrier  type  reversal  [20].  To  throw  more  light  on  understanding  the 
electrical  conduction  changes  in  these  glasses,  we  have  undertaken  thermal  diffusivity  measurements  of 
both  the  series  using  the  PA  technique. 

2.  Experimental  details 

Many  researchers  have  studied  systematically  the  glass  forming  region  of  Pb-Ge-Se  systems 
[8,21,22]  and  they  found  that  the  homogeneous  glass  formation  is  confined  to  two  series  of  compositions. 
The  I  series  is  restricted  around  58  at.%  of  Se,  the  maximum  Pb  content  being  22.5  at.%.  The  II  series  is 
limited  at  25  at.%  of  Ge  with  20  at.%  of  Pb.  In  this  study,  we  prepared  PbxGe42-x  Sesg  (x  =  0,  2.5,  5,  7.5, 9, 
10  &  15  at.%)  and  Pb2oGeySe8o.y  (y  =  17,  19,  21, 23  &  25  at.%)  homogeneous  glasses  by  melt  quenching. 

Appropriate  amount  of  high  purity  (99.999  %)  elements  of  Pb,  Ge  and  Se  are  sealed  in  quartz  am¬ 
poule.  The  ampoule  is  evacuated  to  better  than  5x10'’  Torr,  then  kept  inside  the  tubular  furnace.  The  am¬ 
poules  are  heated  in  two  stages  to  avoid  the  sudden  evaporation  and  deposition  of  the  selenium  to  the  inner 
wall  of  the  quartz  tube.  The  ampoules  are  heated  slowly  and  maintained  at  600  °C  for  about  24  hours  with 
continuous  rotation.  The  temperature  is  then  subsequently  raised  to  1000  “C  and  kept  under  constant  rota¬ 
tion  for  36  hours  to  facilitate  the  homogenization  of  the  sample.  Then  the  ampoules  are  quenched  rapidly 
in  a  continuous  flow  liquid  Nitrogen  bath,  in  order  to  avoid  the  vapour  thermal  Isolating  envelope  around 
the  ampoules,  therefore  increasing  the  efficiency  and  reproducibility  of  the  fabrication  process.  The  amor¬ 
phous  nature  of  the  samples  is  verified  by  the  absence  of  sharp  peaks  in  X-ray  diffraction  spectra. 

The  thermal  diffusivity  measurement  of  various  compositions  of  both  the  series  have  been  carried 
out.  The  description  of  the  photoacoustic  cell  developed  here,  the  experimental  setup  and  the  procedure  of 
the  measurement  have  been  reported  elsewhere  [20,23]. 

3.  Results  and  discussion 

The  log-log  plot  of  chopping  frequency  versus  PA  signal  amplitude  is  shown  in  Fig.  1  for  the 
samples  of  different  compositions.  The  thermal  diffusion  length  at  100  Hz,  thermal  diffusivity  and  charac¬ 
teristic  fiequency  with  conesponding  thickness  of  the  samples  have  been  listed  in  Table  1 . 

Borisova  in  1981  [24]  has  suggested  that  the  reason  for  the  p-  type  electrical  conduction  in  chal¬ 
cogenide  glasses  is  that  the  conduction  band  is  formed  by  antibonding  orbitals,  whereas  the  valence  band  is 
formed  by  nonbonding  orbital.  The  disorder  is  more  dominant  in  antibonding  states  than  in  the  nonbonding 
states,  which  results  in  a  deeper  tail  for  the  conduction  band  states.  So  the  electrons  are  localized  stronger 
than  the  holes  leading  to  p-  type  electrical  conductivity. 


Table  1. 


Composition 

Sample  thickness 
Kpm) 

Characteristic 

frequency 

Fc(Hz) 

Thermal  diffusiv¬ 
ity 

a  =  fol' 

X  10’^  cm^  s  ' 

Thermal  diffusion 
length  at  100  Hz 
p.  =  (2  a/m)'^ 

X  1 0'^  cm 

Ge42Se58 

230 

170.5 

09.02 

1.70 

Pb2.5Ge39.5Se58 

280 

140.8 

11.04 

1.88 

Pb5Ge37Se58 

275 

140.8 

10.65 

1.84 

Pb7.5Ge34.5Se58 

275 

150.6 

11.39 

1.90 

Pb9Ge33Se58 

245 

130.2 

07.82 

1.58 

PbioGe32Se58 

273 

190.0 

14.16 

2.12 

Pbi5Ge27Se58 

270 

170.8 

12.45 

1.99 

Pb2oGei7Se63 

265 

120.9 

08.49 

1.64 

Pb2oGei9Se6i 

280 

150.6 

11.81 

1.94 

Pb2oGe2iSe59 

270 

130.5 

09.51 

1.74 

Pb2oGe23Se57 

280 

140.8 

11.04 

1.88 

Pb2oGe25Se55 

275 

140.4 

10.62 

1.84 
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The  origin  of  p-  type  conduction  has  been  explained  with  the  charged  defect  states  recently  by 
Kolobov  [25],  The  lowest  energy  defects  in  a  chalcogen  are  charged  pairs  consisting  of  a  singly  coor¬ 
dinated  negative  site  (Cf  )  and  a  triply  coordinated  positive  site  (€3^ ).  The  subscript  refers  to  the  co¬ 
ordination,  the  superscript  refers  to  the  charge  state  and  the  C  refers  to  the  chalcogen.  The  charged 
defects  Ca^and  Cfhave  been  called  by  Kastner  [26]  as  a  valence  alteration  pair  (VAP).  According  to 
the  Kolobov  model  [25],  due  to  the  thermal  excitation  of  center  with  one  of  its  neighbors  €2^,  an 
electron-hole  pair  is  created.  The  electron  is  attracted  and  trapped  by  the  defect  center  and  con¬ 
verts  it  into  a  €3^  center,  which  is  unstable  and  easily  decays  to  a  Ci^  center. 

C;C^-^C?+C^+h;  C3^->C?+h 

The  hole  created  in  the  valence  band  is  mobile  and  contributes  to  the  conductivity.  So,  the 
process  ends  with  the  conversion  of  a  center  into  a  Cj^  center  with  simultaneous  creation  of  a  hole 
in  the  valence  band.  In  principle,  the  excited  hole  can  recombine  with  its  original  €3^  and  C2®  sites, 
but  here  the  recombination  is  not  possible  because  the  structure  of  the  defect  has  been  modified. 
Hence,  the  process  is  irreversible  and  the  excited  hole  is  left  in  the  valence  band  as  a  free  carrier. 

Cj  C2  oCj  -hC2  +e;  Cj  +e 
In  the  case  of  C\  center  excited  with  its  neighbor  €2^,  the  process  becomes 
In  the  singly  coordinated  defect,  no  structural  reconstruction  takes  place  in  the  defect  site.  So, 
the  process  is  reversible  since  the  created  electron  is  recombined.  As  a  consequence  of  these  proc¬ 
esses,  the  long-lived  holes  in  the  valence  band  due  to  the  thermal  excitation  of  positively  charged  de¬ 
fects  become  the  origin  of  the  p-type  electrical  conduction  in  the  chalcogenide  glasses.  It  is  now  fairly 
well  established  that  the  metallic  additives  such  as  Bi  enters  the  network  as  charged  species,  altering 
the  concentration  of  valence-alteration  pairs  [27,28].  When  the  concentration  of  charged  additives 
exceeds  that  of  valence-alteration  pairs,  the  chalcogenide  glasses  exhibit  the  carrier  type  reversal. 


Fig.  1 .  Log  -  log  plot  of  photoacoustic  amplitude  versus  chopping  frequency. 

(•  -  Thick  sample,  1.  60428658,  2.  Pb2.5Ge39.5Se58,  3,  PbsGeavScss, 

4.  Pb7.5Ge34 58658,  5,  Pb9Ge33Se58,  6.  PbioGe32Se58,  7.  Pbi5Ge278e58,  8.  Pb2oGei7Se63, 
9,  Pb2oGei9Se6i,  10,  Pb2oGe2iSe59, 11.  Pb2oGe23Se57,  12.  Pb2oGe25Se55. 


Fig.  2  and  3  show  the  variation  of  thermal  diffusivity  with  Pb  and  Ge  concentration  respec¬ 
tively.  It  can  be  clearly  seen  from  the  figures  that  an  anomalous  behavior  is  observed,  in  Pb^Ge^-xScss 
glasses  at  9  at.%  of  lead  and  in  PbaoGeySejo-y  glasses  at  21  at.%  of  Ge,  at  the  compositions  showing  a 
transition  from  p-  to  n-  type  conduction.  The  change  is  more  prominent  in  I  series  than  in  the  II  series 
of  glasses.  This  may  be  due  to  the  difference  in  the  way  of  changing  the  composition  between  the 
series.  In  11  series  Ge  is  substituted  with  Se  atom,  but  in  I  series,  Pb  is  substituted  with  Ge  atom.  The 
transition  at  the  specific  Pb  and  Ge  composition  in  the  glasses  agrees  well  with  the  reported  thermoe¬ 
lectric  power  measurements  [8]. 

An  attempt  is  made  to  explain  the  anomalous  behavior  of  thermal  diffusivity  values  with  Pb 
and  Ge  addition  of  I  and  II  series  glasses  respectively.  Calculations  of  covalent  bond  concentrations  of 
these  series  have  been  reported  by  Tohge  et  al.  [8].  The  reported  radial  distribution  function  [29] 
showed  that  Pb  is  present  as  Pb^"^  ions  in  these  glasses,  necessarily  accompanying  nonbridging  sele¬ 
nium  (-Se  ).  The  possible  bonds  are  Ge-Ge.  Ge-Se,  Pb-Se  and  Se-Se.  In  I  series,  the  concentration  of 
calculated  covalent  bonds  Ge-Se  and  Ge-Ge  changed  gradually  with  relative  increase  in  Pb-Se  ionic 
bonds.  But  in  II  series,  besides  Pb-Se  ionic  bonds,  the  Se-Se  bonds  decreases  and  completely  vanish 
at  X  =  20  at.%  of  Ge,  while  at  this  composition  the  concentration  of  Ge-Se  bonds  reaches  maximum 
and  Ge-Ge  bonds  start  to  appear.  With  further  addition  of  Ge,  the  Ge-Ge  bonds  gradually  increase  and 
Ge-Se  bonds  decrease.  It  is  speculated  in  this  II  series  that  the  disappearance  of  Se-Se  homopolar 
bonds  causes  the  electrical  conduction  changes  from  p-  to  n-  type.  In  I  series  the  minimum  value  ob¬ 
tained  at  the  transition  can  be  attributed  to  the  addition  of  Pb,  where  a  decrease  in  the  number  of  Ge- 
Se  and  Ge-Ge  covalent  bonds  leads  to  an  increase  of  Pb-Se  ionic  bonds.  It  is  worth  to  mention  here 
that  the  conduction  change  in  both  the  series  is  at  the  specific  compositions  Pb9Ge33Se58  and 
Pb2oGe2iSe59.  The  Pb  and  Ge  concentrations  are  not  the  same  but  the  Se  at.%  is  almost  equal  in  the 
two  series. 


Pb  (at.%) 

Fig.  2.  Variation  of  thermal  diffusivity  with  Pb  concentration. 

The  similar  trend  of  anomalous  behavior  of  thermal  diffusivity  measurement  with  the  compo¬ 
sition  of  GeBiSe  and  Ge  Bi  Se  Te  glasses  has  already  been  observed  by  Thangaraju  et  al.  [20].  The  Ge 
Bi  Se  Te  and  I  series  glasses  show  the  drastic  change  in  thermal  diffusivity  value  at  the  p-  to  n-  tran¬ 
sition.  The  changes  are  more  prominent  than  in  the  GeBiSe  and  II  series  glasses.  A  perusal  of  these 
figures  reveals  that  the  thermal  diffusivity  value  decreases  at  the  time  of  transition  then  increases  with 
increasing  Bi  in  GeBiSe  and  Ge  Bi  Se  Te  glasses  and,  with  Pb  and  Ge  in  I  and  II  series  glasses  re¬ 
spectively.  The  electrical  conductivity  values  [8]  show  that  the  specific  composition  where  the  elec¬ 
trical  conductivity  is  a  minimum  agrees  with  that  where  the  conduction  type  changes  from  p-  to  n-. 
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After  the  transition  the  conductivity  increases  with  addition  of  respective  Pb  and  Ge  atomic  concen¬ 
tration  in  I  and  II  series  glasses,  which  is  reflected  in  the  thermal  diffusivity  value  also. 

The  minimum  electrical  conductivity  during  the  p-  to  n-  transition  may  be  due  to  the  maxi¬ 
mum  value  of  the  optical  band  gap,  Rabinal  [30]  has  observed  that  the  band  gap  value  increases  along 
with  increasing  Ge  content  in  Pb2oGeySe8o-y  glasses,  the  Eg  value  reaches  maximum  at  y  =  21  at.% 
and  then  decreases.  We  have  reported  the  comparison  of  thermal  diffusivity  with  electrical  conductiv¬ 
ity  in  the  GeBiSe  and  Ge  Bi  Se  Te  glasses  [20].  In  solids,  thermal  conductivity  is  due  to  the  heat 
transport  by  both  phonons  and  charge  carriers.  The  thermal  diffusivity  is  directly  proportional  to  the 
thermal  conductivity  [12].  Since  at  the  p-  to  n-  transition,  the  optical  band  gap  is  higher,  the  excited 
concentration  of  electrons  from  valence  band  to  conduction  band  is  appreciably  low,  which  results  in 
a  lower  carrier  concentration.  After  the  critical  composition,  the  Eg  value  decreases  and  as  a  result  the 
electrical  conductivity  and  thermal  diffusivity  both  increase.  Further  increasing  the  Pb  and  Ge  con¬ 
centration  in  I  and  II  series  respectively,  the  decreasing  thermal  diffusivity  value  may  be  due  to  a  de¬ 
crease  in  the  phonon  mobility  arising  out  of  scattering  and  phonon  collisions  due  to  the  defects  pres¬ 
ent  in  the  3-d  structure. 


Fig.  3.  Variation  of  thermal  diffusivity  with  Ge  concentration. 


According  to  the  Kolobov  model  [25]  by  the  addition  of  Pb  in  Ge-Se  glasses,  the  concentra¬ 
tion  of  center  decreases  rapidly  with  a  corresponding  increase  in  Ci‘  centers.  So  after  a  certain  Pb 
and  Ge  composition  in  these  glasses,  Cf  centers  act  as  majority  carriers,  which  result  in  n-type  elec¬ 
trical  conduction.  From  the  above  discussions,  it  is  concluded  that  after  the  specific  composition  of  Pb 
and  Ge  the  Fermi  level  Ep  moves  towards  the  conduction  band,  which  is  assumed  to  be  a  consequence 
of  the  formation  of  Pb-Se  ionic  bonds.  The  addition  of  Pb  atoms  create  the  formation  of  negatively 
charged  Se  centers,  which  disturb  the  equilibrium  between  the  Se‘  and  Sea""  centers  by  the  law  of  mass 
action  and  hence  causes  the  unpinning  of  Fermi  level.  Mehra  et  al.  [10]  have  proved  this  unpinning  of 
Fermi  level  in  Pb  added  Se-In  chalcogenide  glasses  with  the  studies  of  the  activation  energy  of  elec¬ 
trical  conductivity  and  optical  band  gap. 
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4.  Conclusion 

The  composition  dependence  of  the  themial  diffusivity  of  PbxGe42.xSe58  and  Pb2oGeySe8o-y 
glasses  has  been  studied  by  the  photoacoustic  technique.  The  measurements  show  an  unusual  behav¬ 
ior  at  p-  to  n-  conduction  changes.  In  PbxGe42.xSe58  glasses  the  change  is  more  prominent  than  in  the 
Pb2oGeySe8()-y  glasses.  Like  the  electrical  conductivity  measurements,  the  thermal  diffusivity  value 
shows  minimum  at  the  p-  to  n-  transition  threshold  and  then  increases  with  corresponding  increases  of 
Pb  and  Ge  concentration  in  I  and  II  series  glasses.  The  addition  of  Pb  disturbs  the  equilibrium  be¬ 
tween  and  Se'  centers,  thus  unlocking  the  Fermi  level.  This  results  in  the  Ep  shifting  toward  the 
conduction  band  and  in  the  p-  to  n-  conduction  changes  in  these  glasses. 
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PHOTOCONDUCTIVITY  AND  TRANSPORT  PROPERTIES  OF  As-Se  THIN  FILMS 
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Steady-state  and  transient  photoconductivity  characteristics  of  thermally  and  laser-beam 
deposited  chalcogenide  amorphous  films  As4oSe6o  and  AssoSeso  are  studied  at  varied  light 
intensity  and  temperature.  The  lux-ampere  characteristics  are  shown  to  change  the  power 
exponent  from  a  value  greater  than  0.5  at  low  intensities  to  the  value  less  than  0.5  at  high 
intensities,  indicating  the  change  in  recombination  reaction.  The  transient  photocurrents  in 
step-function  mode  of  excitation  were  found  to  be  consistent  with  the  model  of  trap-controlled 
non-stationary  capture  and  recombination  in  exponentially  distributed  in  energy  hole  traps. 
Evaluating  of  the  trap  energy  distribution  parameter  independently  from  the  photocurrent 
transients  as  well  as  from  the  dependence  of  steady-state  photoconductivity  measurements 
yields  consistent  results. 
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1.  Introduction 

Amorphous  films  of  chalcogenide  glassy  system  ASxSeioo-x  are  currently  of  interest  as 
materials  for  optoelectronic  devices  and  optical  information  storage  [1-3].  The  composition  AssoSeso 
of  this  system  exhibits  high  light  sensitivity  in  photostructural  transformations  due  to  the  presence  of 
homopolar  As-As  bonds  [4-6].  Excess  of  As  in  AssoSeso  relative  to  stoichiometry  composition 
As4oSe6o  leads  to  increase  of  optical  gap  Eg  (from  1.90  eV  to  1.95  eV  for  bulk  As4oSe6o  and  AssoSeso, 
respectively)  and  of  other  related  energy  intervals  [7,8].  The  evaporated  films  are  shown  to  have  large 
degree  of  structural  disorder  depending  on  the  deposition  procedure.  In  the  present  paper  the  results  of 
systematic  study  of  steady  state  and  transient  photoconductivity  characteristics  of  thermally  deposited 
amorphous  films  AsjoSeso  and  As4oSe6o  are  described.  The  obtained  data  are  analysed  on  the  base  of 
multiple  trapping  model  and  some  parameters  of  the  localised  state  energy  distribution  are  derived 
from  the  experimental  results. 

2.  Experimental 

The  thin  film  samples  were  prepared  in  sandwich  configuration  with  aluminium  or  gold 
electrodes.  The  AssoSeso  and  As4oSe6o  films  with  thickness  from  1  to  6  (J,m  were  obtained  by  flash 
thermal  deposition  in  vacuum  of  the  starting  bulk  material  onto  glass  substrates  kept  at  Ts=375-7-400 
K.  In  some  cases  the  laser  ablation  was  used  for  obtaining  amorphous  films.  He-Ne  laser  LGN-108 
(^=0.63  |im)  was  used  as  a  light  source  with  photon  flow  F=6.5-10‘''  cm'^s'^;  the  light  intensity  was 
controlled  by  calibrated  neutral  density  filters.  A  shutter  was  used  to  switch  the  light  on/off  with  time 
constant  of  about  10'^  s.  The  photoconductivity  relaxation  was  registered  with  a  time  constant  not 
greater  than  0.1  s  by  a  co-ordinate  recorder  ENDIM  622.01.  The  spectral  distribution  of  steady-state 
photoconductivity  was  obtained  with  the  aid  of  spectrophotometer  SPM-2  with  a  tungsten  lamp  as  a 
light  source. 


3.  Results  and  discussion 
3.1.  Steady  state  photoconductivity 

Lux-ampere  characteristics  of  steady-state  photoconductivity  oj,*  for  all  investigated 
amorphous  films  in  a  wide  intensity  (F)  interval  at  various  temperatures  (T)  are  sublinear  and  may  be 
approximated  by  a  power  law; 
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CTp„  =  B-F,  (1) 

where  B  is  the  eonstant  weakly  dependent  on  temperature,  and  y  is  the  power  index.  For  each  Oph  vs.  F 
curve  an  inflection  point  is  observed  corresponding  to  the  transition  of  the  power  index  y  from  the 
values  yi=  0.60  ...  0.73  in  the  low-intensity  interval  to  lower  values  yn  =  0.5  ...  0.3  at  higher  excitation 
intensities  (Fig.  la).  With  the  temperature  increasing,  yu  and  yn  first  remain  constant  up  to  350  K  and 
then  yt  increases  while  yn  decreases.  This  kind  of  behaviour  appears  to  be  unusual  as  %  as  a  rule 
decreases  with  temperature  increasing  while  yn  is  weakly  temperature  dependent.  The  intensity 
dependence  of  photoconductivity  at  all  temperatures  shows  a  kink  (Fig.  la),  at  which  the  power 
exponent  y  is  changed  from  y>0.5  to  y<0.5.  It  is  commonly  accepted  that  this  kink  is  due  to  change  of 
excess-carrier  recombination  mechanism  at  increasing  of  excitation,  i.e.  to  transition  from  the 
monomolecular  (MR)  reaction  to  the  bimolecular  (BR)  one.  Sublinear  power  yt  is  then  associated 
with  variation  of  the  recombination  rate  during  movement  of  the  quasi-Fermi  level  through  a  region  of 
quasicontinious  exponential  gap-state  distribution  (A. Rose  [9]),  that  is  yt^  To/(To+T),  where  To  is  the 
characteristic  temperature  of  the  gap-state  distribution  (To>T)  and  O.S^yt^l. 


Fig.  la.  The  steady  state  photoconductivity  Oph  Fig.  lb.  The  steady  state  photoconductivity  Opi, 
dependence  on.  light  intensity  F  of  the  AsjoSeeo  films,  dependence  on  temperature  T  of  the  As4oSe6o  films. 
Temperature  T,  K;  1-289;  2-321;  3-341;  4-351;  5-365;  Light  intensity  F,  cm'^  s'':  1-  6.510  ;  2-6,510  ;  3- 
6-388.  Fo==6.510‘‘'cm'V.  6.510'^  4-6.510'^  5-6.5•10‘^  The  temperature 

dependence  of  dark  conductivity  ojark  is  also  shown. 

The  obtained  value  of  yL=0.6  leads  to  To=450K,  which  is  lower  than  To=550K  obtained  for 
the  characteristic  temperature  of  the  state  distribution  in  the  valence-band  tail  of  the  stoichiometry 
composition  As4oSe6o  [10].  The  observed  independence  of  yu  up  to  350K  and  its  further  rise  at 
inereasing  of  the  temperature  could  be  understood  in  the  frames  of  the  mentioned  model  if  we 
suppose  that  To  is  also  increased  with  the  temperature,  i.e.  the  hole  quasi-Fermi  level  crosses  the 
region  of  quasicontinious  distribution  of  localised  states  with  varying  steepness.  At  high  temperatures 
and  intensities  of  light  the  power  exponent  yH  deviate  from  the  standard  value  yH=0.5  characteristic  for 
bimolecular  recombination  and  takes  lower  values,  which  indicate  the  participation  of  another 
recombination  path.  Low  yn  values  (yH<0-5)  are  expected  for  tail-to-tail  or  tail-to-defect  tunnelling 
recombination  (a-Si:H  [1 1,12])  or  in  the  case  of  light  absorption  in  the  metal-semiconductor  contact 
region  for  sandwich-cell  samples  (a-As4oSe6o  [13]). 

The  temperature  dependence  of  steady-state  photoconductivity  (Fig.  lb)  is  activated  with  an 
activation  energy  Eb=  0.33  eV,  which  becomes  somewhat  lower  (0.30  eV)  at  highest  light  intensity.  In 
the  high-temperature  region  a  tendency  to  change  of  the  recombination  mechanism  is  observed.  The 
estimation  of  the  transition  temperature  T,n  from  the  expression  [14]: 

Tm  —  (<ypl/(^dar0Ea/2k  (2) 

yields  the  temperature  about  400K,  which  is  out  of  the  interval  of  measurements. 

According  to  the  model  of  quasidiscrete  gap  states  of  charged  defects  the  activation  energy  of 
photoconductivity  in  low-temperature  region  (T<Tn„  aph>ad)  accounts  for  the  position  of  the  acceptor- 
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like  level  E2-Ev  =  2Eb  [8,12,15].  For  the  AssoSeso  films  E2-Ev  =  2x0.33  eV  =  0.66  eV,  in  agreement 
with  the  similar  results  for  the  films  of  stoichiometric  composition  As4oSe6o  [8].  This  value  is  also 
close  to  the  results  of  time-of-flight  drift  mobility  measurements  [16],  in  which  there  was  found  that 
the  drift  mobility  activation  energy  in  AssoSeso  films  equals  to  0.69  eV  and  sharply  increases  with 
further  growth  of  As  content  (0.97  eV  for  AsssSe^s). 

The  spectral  dependence  of  photoconductivity  for  the  AssoSeso  and  As4oSe6o  films  represents  a 
curve  with  a  broad  peak  (Fig.  2).  The  films  demonstrate  high  photosensitivity  in  the  visible  region  of 
the  light  spectrum  (from  0.50  pm  to  0.8  pm  at  the  half-peak  level)  with  light-to-dark  conductivity 
ratio  more  than  10^  at  F=  510'''  cm'^  s  '. 

a)  b) 


Fig.  2.  The  spectral  dependence  of  the  photoconductivity  of  laser  (1)  and  thermal  (2)  deposited 
As4oSe6o  (a)  and  AssoSeso  (b)  thin  films.  The  positive  voltage  is  applied  to  the  top  illuminated 

electrode. 

The  position  of  the  main  peak  of  the  photoconductivity  spectrum  of  the  amorphous  arsenic 
selenide  films  at  hv=1.97  eV  corresponds  to  the  optical  gap  Eg  at  the  absorption  coefficient  a=10‘' 
cm"'.  This  value  coincides  with  Eg=1.95  eV  [7]  obtained  from  optical  measurements  in  bulk  samples. 

The  photoconductivity  spectra  contain  information  about  generation,  transport,  and 

recombination  processes  of  the  non-equilibrium  carriers: 

aph=^(l/d)efidT^PNo[l-exp(-kd)],  (3) 

where  Nq  is  the  number  of  the  incident  photons,  d  is  the  thickness  of  the  sample,  p  is  the  generation 
rate,  pa  is  the  drift  mobility,  k  is  the  absorption  coefficient,  and  r  is  the  lifetime. 

In  the  region  of  high  absorption  coefficients  {exp(-kd)«l),  for  the  negligible  low  surface 
recombination,  the  photoconductivity  weakly  depends  on  the  photon  energy 

aph=(l/d)epdTpNo,  (4) 

For  the  weak  absorption  region  {exp(-kd)^l-kd)  the  photoconductivity  spectra  are  described 
as 

Oph^epddxpNo,  (5) 

In  this  region  the  slope  of  the  photoconductivity  spectra  expresses  the  parameter  of  the  localised  states 
Eo=kTo,  which  depends  on  composition  and  on  the  preparation  method  of  the  amorphous  thin  film 
(Eo*0.07  eV  for  AssoScso,  and  Eow0.06  eV  for  As4oSe6o).  For  the  AssoSeso  and  As4oSe6o  thin  films 
prepared  by  laser  deposition  an  increase  of  photosensitivity  in  all  investigated  spectral  domain  is 
observed. 
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3.2.  Transient  photoconductivity 

Long-term  relaxation  of  photoconductivity  in  the  amorphous  AssoScso  and  As4oSe6o  films 
under  light  excitation  in  step-function  mode  are  shown  in  Fig.  3  at  various  laser  light  intensities. 
Illumination  by  the  He-Ne  laser  corresponds  to  the  absorption  coefficient  near  10'*  cm''  therefore  the 
incident  light  is  totally  and  nearly  uniformly  absorbed  in  the  film  volume.  As  it  is  seen  from  the 
Fig.  3,  at  low  intensities  the  photocurrent  rises  in  monotonous  manner  up  to  the  steady-state  value.  At 
higher  intensities  an  overshoot  appears  on  the  increasing  portion  of  the  transient,  i.e.  the  steady  state  is 
reached  after  passing  a  peak  on  the  rise  [1 7,1 8]. 


Fig.  3a.  Photoconductivity  relaxation  curves  in  Au-  Fig.  3b.  Photoconductivity  relaxation  curves  in  Au- 
As4oSe<io-  A1  thin  films  (L=9.7  pm)  at  T=290  K.  Light  AssoSe^o-Al  thin  films  (L=5.87pm)  at  T=290  K.  Light 
intensity  F,  %:  1-0.008;  2-2.2;  3-13;  4-37;  5-100.  intensity  F,  %:  1  -  0.008;  2  -  0.3;  3  -  2.2;  4  -  100. 

Fo=6.510'^  cm'^-s'*,  A,=0.63  pm.  Fo=6.510''’  cm'^-s'*,  ?i=0.63  pm. 

Photoconductivity  relaxation  in  amorphous  chalcogenides  has  gained  satisfactory 
interpretation  in  frames  of  the  model  of  multiple  trapping  in  gap  states  quasicontiniously  distributed  in 
the  mobility  gap  of  an  amorphous  semiconductor  [10,18,19].  Application  of  this  model  allows 
understanding  also  some  other  nonequlibrium  processes  specific  for  the  chaleogenide  glassy 
semiconductors  such  as  dispersive  transport  and  induced  optical  absorption.  An  analysis  of  these 
processes  leads  to  an  exponential  form  of  the  energy  distribution  N(E)  of  localised  state  density  of  the 
form: 

N(E)  =  (N,/Eo)exp(-E/Eo),  (6) 

where  N,  is  the  total  gap-state  density  and  Eo=kTo  is  the  distribution  parameter. 

The  theoretical  consideration  of  the  photocurrent  relaxation  in  frames  of  the  multiple-trapping 
model  with  gap  states  exponentially  distributed  in  energy  allows  revealing  several  definite  time 
domains  in  transient  curves  [18].  Each  of  these  domains  corresponds  to  a  power  dependence  of 
photocurrent  upon  time  and  is  determined  by  capture  of  free  carriers  in  traps  or  by  their  recombination 
in  monomolecular  (MR)  or  bimolecular  (BR)  regimes.  These  processes  govern  the  dependencies  of 
relaxation  both  on  excitation  intensity  and  on  the  temperature.  The  detailed  calculations  and 
relaxation  patterns  have  been  presented  in  Ref.  [19].  In  Fig.4  the  rise  and  decay  curves  for  AsjoSeso 
thin  films  are  replotted  in  double-logarithmic  scale  to  visualise  the  power-law  portions  of  the 
transients  discussed  below. 

Over  the  initial  portion  up  to  the  moment  //  the  photocurrent  rise  is  governed  by  the  capture 
process,  while  recombination  so  far  is  not  significant:  ipi,~G-t°,  where  G  is  the  generation  rate  and 
a=(T/T(,=kT/E())  is  so  called  dispersion  parameter.  Further  behaviour  of  the  transients  depends  on 
excitation  intensity.  At  low  intensities  (corresponding  to  MR)  the  photocurrent  monotonously 
increases  and  reaches  the  steady-state  value.  At  higher  exposure  intensities  a  quasistationary  portion  is 
observed,  which  at  certain  moment  is  followed  by  a  decreasing  portion  of  the  transient,  where  the  BR 
mechanism  is  dominant.  Along  this  portion  iph-G''^ At  highest  excitation  level  the  relaxation 
is  governed  by  BR  and  the  quasistationary  portion  of  photocurrent  is  absent  (“an  overshoot”,  see 
Fig.4a). 


Photoconductivity  and  transport  properties  of  As-Se  thin  films 


All 


a) 


b) 


< 

4 

5 


-9 


-10 


-11^ 


-1.0 


— - — 

n 

[5 

T  V  ▼  V 

*  ♦  ♦  ♦  » 

l-T  WTWfTIfll 

4 

m*  •  •  ••*< 

\  •  •  •  • 

2 

rt 

• 

. . 

r~'ff“Tnr^ 

»»  - 

_ _  . 

-0,5 


0.0  0.5 

Lx)g(t.s) 


1.0 


-1.5  -1.0  -0.5 


0.0  05 

Lflg{t,s) 

Fig.4.  Double-logarithmic  plot  of  photocurrent  rise  (a)  and  decay  (b)  in  the  AssoSeso  film  at 
various  light  intensities  F,  cm'V:  1  -5.3-10",  2-2.4-10",  3-6.6-  lO",  4-1.5-  lO",  5- 
6.5-10".  Straight-line  portions  are  calculated  with  a  =  0.67  (see  text  for  details). 
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The  photocurrent  decay  depends  on  the  initial  density  of  photogenerated  charge  carriers.  If 
during  the  generation  pulse  the  total  filling  of  gap  states  is  not  achieved  then  an  initial  portion  of  the 
de^ay  governed  by  capture  process  exist  and  the  recombination  is  delayed.  Over  this  portion  iph~  ip^-f 
where  ipho  is  the  photocurrent  at  the  moment  when  the  light  is  switched  off.  At  low  generation 
intensities  (MR  regime)  the  starting  portion  turns  into  final  decay,  along  which  ipi,~ipM)-f'^‘*°^'  If  the 
generation  intensity  provides  the  BR  regime,  then  an  intermediate  portion  exists,  where  ipiripho'f' ■  The 
above-described  behaviour  of  photocurrent  kinetics  is  in  good  agreement  with  the  experimental 
curves  of  transient  photocurrent  for  a  set  of  generation  rates  presented  in  Fig.4.  The  dispersion 
parameter  a  was  determined  from  the  experimental  relaxation  curves  as  an  asymptotic  of  the  power- 
law  portions  of  the  rise  and  decay  of  the  photocurrent  plotted  in  double-logarithmic  co-ordinates. 
Using  the  experimentally  calculated  values  of  the  dispersion  parameter  a,  the  parameter  of  localised 
states  distribution  E„  was  estimated,  which  increase  from  £o=0.037  eV  {To=429  K)  for  AsjoSeso  up  to 
£fl=0.046  eV  {To=533  K)  for  As4oSe6o,  respectively. 

The  value  of  the  parameter  To=533  K  for  amorphous  As4oSe6o  films  is  in  a  good  agreement 
obtained  by  Vaninov  and  co-workers  [20]  (To«550  K<Tg«450  K)  from  the  relaxation  curves  of  the 
transient  photocurrent  in  a-As4oSe6o  thin  films.  This  parameter  was  studied  in  dependence  of  the 
nature  of  the  metal  dopants  in  a-As4oSe6o  (Ga,  Na,  Ag,  Cu,  Tl,  In).  Unfortunately  the  obtained  results 
for  different  metallic  dopants  don’t  permit  to  obtain  an  adequate  interpretation.  For-example,  the 
value  of  the  dispersion  parameter  a  for  different  dopants  is  different; 
a(As4oSe6o:In)>a(As4oSe6o)>(x(As4oSe6o:Tl).  The  indium  impurity  (In)  increases  the  value  of  the 
parameter  a«0.65,  while  the  impurity  of  thallium  (Tl,  Na~10“  cm'^)  decreases  it  down  to  a=0.45  with 
respect  to  that  for  undoped  a-As4oSe6o  (a=0.54).  According  to  [20],  the  parameter  To  reflects  the 
temperature  at  which  the  impurities  or  the  fluctuations  of  the  potential  are  frozen  at  the  cooling 
process  of  the  chalcogenide  glass.  That  means  that  the  value  of  the  parameter  To  determined  for 
different  impurities  reflects  the  temperature  for  which  the  diffusion  coefficient  of  the  impurities 
became  negligible  small  [21]. 

The  parameters  a.  To  and  Eo  were  estimated  from  the  relaxation  curves  of  the  photocurrent  as 
well  as  from  the  lux-ampere  characteristics  for  AsjoSejo  and  As4oSe6o  amorphous  thin  films  and 
compared  with  the  data  from  optical  absorption  [22]  (Fig.  5).  In  Fig.  5  there  are  also  presented  the 
values  of  the  parameter  a,  determined  from  the  relaxation  curves  of  the  photoconductivity  and 
photoinduced  absorption  for  different  values  of  the  parameter  To  for  the  exponential  distribution  of  the 
localised  states  according  to  [23], 
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Fig.  5.  The  dependence  of  the  dispersion  parameter  a  vs.  To  for  AssoSceo,  and 
As^oSceo  films  determined  from  the  transient  photocurrent  (•),  from  lux- 
ampere  characteristics  (O),  and  according  to  Ref.  [23]  (■). 

The  fact  that  the  complex  picture  of  the  photocurrent  kinetics  can  be  described  by  single 
parameter  justifies  the  use  of  the  model  of  multiple-trapping  controlled  recombination.  The  variation 
of  the  kinetics  with  temperature  corresponds  to  the  predictions  of  the  model  as  well,  as  the  transition 
moment  //  is  exponentially  shifted  to  shorter  times  as  the  temperature  is  increased.  It  is  worth  noting 
the  important  role,  which  capture  plays  in  photoconductivity  of  amorphous  semiconductors, 
determining  the  specific  initial  portions  of  relaxation.  Capture  enhancement  leads  to  the  delay  of 
recombination  and  to  shift  of  the  moment  ti  to  longer  times.  The  shortest  time  tj,  corresponding  to  the 
onset  of  recombination  in  investigated  glasses,  appears  for  the  stoichiometry  composition  As4oSe6o 
(t/=10‘^  s),  it  is  about  3.3  s  in  AssoSeso  films  (containing  excess  As  atoms). 


4.  Conclusion. 

The  steady-state  and  transient  characteristics  of  photoconductivity  in  amorphous  thermally 
deposited  chalcogenide  AssoScso  and  As4oSe6o  films  were  studied  at  various  light  intensities  and 
temperatures.  The  set  of  photoconductivity  characteristics  are  adequately  interpreted  in  the  frame  of 
the  multiple-trapping  model,  according  to  which  transport  and  recombination  of  non-equilibrium 
holes  are  controlled  by  multiple  capture  in  exponentially  distributed  in  energy  hole  traps.  Evaluating 
of  the  trap  energy  distribution  parameter  kTo  independently  from  the  photocurrent  rise  and  decay  as 
well  as  from  the  dependence  of  steady-state  photocurrent  on  light  intensity  yields  consistent  results. 
The  photoconductivity  occurs  under  condition  that  the  thermal  equilibrium  between  fractions  of 
delocalized  and  localised  charge  carriers  has  not  been  established,  similar  to  the  situation 
characteristic  for  the  dispersive  transport  of  photoinjected  carriers.  By  this  reason  the  activation 
energies  of  photoconductivity  and  of  drift  mobility  have  close  values.  Spectral  distribution  of  steady- 
state  photoconductivity  was  shown  to  depend  from  the  thin-film  deposition  technology. 
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Results  from  the  study  of  basic  optical  and  electrical  parameters  of  semiconducting 
(GeSalioo-xGa^  (x=0, 4,  8,  12  at.%)  amorphous  layers  have  been  summarized.  The  investigation 
of  the  optical  absorption  has  shown  that  the  introduction  of  Ga  leads  to  a  shift  in  the 
absorption  edge  towards  lower  energies  in  comparison  with  GeS2.  The  spectral  distribution  of 
the  refractive  index  n,  accounting  the  influence  of  photoexposure,  has  been  specified.  The 
optical  energy  gap  Eg®'”  has  been  determined  from  the  Tauc  plot  ahv==B(Eg®'’‘-hv)^.  The 
electrical  energy  gap  Eg®'  has  been  obtained  from  the  thermal  dependence  of  the  conductivity. 

Both  the  values  of  Eg  decrease  with  increasing  Ga  content.  From  the  current-voltage 
characteristics,  the  effective  electron  mass  m  in  the  conduction  band,  the  electron  work 
function  x  at  the  Al/Ge-S-Ga  interface  and  the  relative  dielectric  pemiitivity  e  have  been 
determined.  The  experimental  data  are  in  agreement  with  Christov’s  theory  for  injected 
electron  currents  into  dielectric  or  semiconducting  materials.  The  observed  regularities  are 
related  to  some  structural  peculiarities  in  the  Ge-S-Ga  system  studied. 

(Received  June  6,  2001;  accepted  June  11,  2001) 
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1.  Introduction 

Amorphous  chalcogenide  semiconductors  possess  a  lot  of  interesting  phenomena,  which 
reveal  possibilities  for  using  them  in  microelectronics  and  optoelectronics  -  as  ovonic  threshold  and 
memory  switching  devices,  inorganic  photoresists,  optical  memory  disks,  etc.  The  increased  interest 
in  them  has  been  connected  mainly  with  their  unique  peculiarity  to  record  information  by  irreversible 
or  reversible  structural  transformations  between  a  disordered  and  a  more  ordered  state.  Exposure  to 
band  gap  light  causes  photoinduced  changes,  which  have  been  studied  in  detail  by  K.  Tanaka  [1,2]. 
Especially,  amorphous  Ge-S  thin  films  exhibit  remarkable  irreversible  photo-  and  thermo-bleaching 
effects,  caused  by  illumination  and  annealing,  respectively  [2,3]. 

Recently,  Ge-S-Ga  glasses  have  been  intensively  investigated  as  host  materials  for  fiber-optic 
amplifiers  and  infrared  lasers  by  doping  with  rare-earth  elements  [4-6],  They  have  good  chemical 
durability,  low  phonon  energy,  high  refractive  indexes  and  good  glass-forming  ability.  Besides, 
reversible  and/or  irreversible  photoinduced  effects  have  been  observed  in  them,  which  are  more 
pronounced  than  those  in  the  binary  Ge-S  system  [7,9]. 

The  glass-forming  boundaries  and  basic  physicochemical  parameters  of  the  ternary  Ge-S-Ga 
system  have  been  determined  earlier  [10].  The  largest  photoinduced  changes  in  the  optical  and 
physicochemical  properties  have  been  found  for  amorphous  (GeS2)ioo-xGax  thin  films  [7,8].  The  aim 
of  this  paper  is  to  summarize  the  data  on  basic  optical  and  electrical  properties  exactly  for  such 
compositions  (x  =  4,  8,  12  at.%  Ga),  which  are  important  both  from  fundamental  and  practical  point 
of  view. 


2.  Experimental 

Bulk  Ge-S-Ga  glasses  were  synthesized  by  melting  the  initial  elements  (purity  of  5N)  inside 
evacuated  and  sealed  quartz  ampoules  in  a  rocking  furnace.  The  suitable  temperature  regime  was 
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determined  depending  on  the  composition  [10].  The  enriched  in  sulphur  samples  were  heated  to 
780  ®C,  held  at  that  temperature  for  7-8  h  and  then  quenched  in  ice-water  (Ge-enriched  compositions 
were  heated  to  1000  ^C).  The  homogeneity  of  the  glasses  was  confirmed  by  optical  and  electron 
microscopy.  Amorphous  thin  films  were  prepared  by  thermal  evaporation  (vacuum  2.10’^  Pa)  onto 
glass  substrates.  The  special  design  of  the  evaporator  prevented  eventual  fractional  decomposition 
[11]..  The  structure  of  the  films  was  investigated  by  electron  diffraction  and  the  thickness  was 
measured  with  an  interference  microscope.  The  composition  was  determined  by  Auger  electron 
spectroscopy  and  the  data  showed  that  it  is  identical  with  that  of  the  bulk  glasses,  with  an  accuracy  ~ 
1  at%,  according  to  the  used  method  (Fig.  1). 


Fig.  1.  Profilogram  of  the  Ge35S53Gai2  composition. 

The  optical  transmission  was  measured  in  the  spectral  range  of  400  1300  nm  and  the  refractive 

index  was  obtained  using  a  computer  program  based  on  a  method  described  by  R.  Swanepoel  [12].  The 
electrodes  were  made  of  extremely  pure  aluminium  (5N)  by  vacuum  deposition.  The  capacitance  and 
dielectric  losses  were  measured  at  room  temperature  with  a  precise  RCL  bridge  at  a  frequency  of  8  kHz.  In 
order  to  assess  the  response  of  the  films  to  band  gap  light,  half  of  each  film  was  exposed  in  air  at  ambient 
pressure  and  temperature  by  mercury  lamp  HBO-500  with  intensity  of  about  0.6  Wcm’^. 

3.  Results  and  discussion 

3.1.  Optical  properties 

It  has  been  found  from  the  investigation  of  the  optical  transmittance  of  amorphous  Ge-S-Ga  thin 
films  that  exposure  to  band  gap  light  causes  a  photobleaching  effect  [8].  The  absorption  edge  shift  AX 
towards  shorter  wavelengths  is  accompanied  by  substantial  increase  of  the  integrated  transparency  of  the 
exposed  films.  It  has  been  established  that  AX  is  maximal  for  compositions  with  a  ratio  of  S/Ge-2  and 
about  10  at%  Ga  (Fig.  2). 


Fig.  2.  Compositional  dependence  of  the  Fig.  3.  Compositional  dependence 

absorption  edge  shift.  of  the  optical  band  gap. 

The  optical  energy  gap  has  been  determined  by  extrapolating  the  dependence  (ahu)^'^^=f(ho) 
to  the  intersection  with  the  abscissa.  The  values  decrease  from  2.95  eV  to  1.97  eV  with  increasing  Ga 


Optical  and  electrical  properties  of  amorphous  (GeS2)ioo,xGax  thin  films 


483 


concentration,  following  an  weak  exponential  relation  after  results  fitting  (Fig.  3),  The  refractive  index  n 
changes  in  the  same  way  and  its  spectral  distribution  has  shown  that  after  illumination  n  decreases  (Fig.  4). 
The  difference  An  between  non-illuminated  and  illuminated  films  is  largest  for  the  composition  with  8  at% 
Ga,  which  is  in  accordance  with  the  maximal  shift  AX  (Fig.  2). 

It  has  been  found  from  the  Raman  spectroscopic  study  of  these  films  that  the  photobleaching 
effect  is  associated  with  a  certain  degree  of  ordering  in  the  local  structure  without  formation  of  new  phases 
[13],  This  is  expressed  by  enhanced  orientation  of  existing  bonds  and/or  extension  of  the  short  range  order. 
Introduction  of  Ga  in  the  binary  Ge-S  system  results  in  stronger  bleaching,  i.e.  larger  shift  of  the  optical 
absorption  edge  to  shorter  wavelengths  The  formed  Ge-Ga  and/or  Ga-Ga  bonds  are  weaker,  therefore 
exposure  breaks  them  to  form  the  basic  Ge-S  bonds  and  to  bring  about  a  stabilization  of  the  structure. 
Unfortunately,  the  Ge-  and  Ga-containing  bonds  cannot  be  distinguished  because  of  their  close  vibration 
frequencies  and  overlapping  of  the  bands. 


Fig,  4.  Spectral  distribution  of  the  refractive  index. 

3.2.  Electrical  properties 

From  the  current-voltage  characteristics,  the  effective  electron  mass  m*  and  electron  work 
function  %  at  the  Al/Ge-S-Ga  interface  have  been  determined  (Table  1)  [14].  An  increase  of  the  m*  values 
at  higher  gallium  content  has  been  observed.  The  values  of  the  dielectric  losses  and  relative  dielectric 
permitivity  are  tan  8  <  0.03  and  e  =  6.2+0.1,  respectively.  According  to  Christov’s  theory  [15],  thermionic 
(T)  and  thermionic-field  (TF)  emission  regions  have  been  investigated.  On  the  boundary  between  them, 
determined  by  the  condition  Tk=1.76  T  (Tk  is  Christov’s  characteristic  temperature  and  T  is  the 
experimental  one),  the  T  and  TF  components  of  the  current  have  been  obtained  to  be  equal.  The 
temperature  measurements  of  the  conductivity  have  been  limited  by  the  glass  transition  temperature 
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of  the  glasses  studied  [10],  because  of  thermocrystallization  processes.  The  activation  energy  of  the 
conductivity  Ea  has  been  determined  from  these  dependences  (Fig.  5). 


Table  1.  Effective  electron  mass  and  electron  work  function  for  thermionic 
_ and  thermionic-field  emissions  of  the  studied  samples. _ 


Composition 

m* 

Ct 

Ctf 

0^33867 

0.51 

0.81 

0.81 

0.55 

0.82 

0.81 

GcBiSeiGag 

0.68 

0.81 

0.80 

Ge29S59Gai2 

0.99 

0.79 

Fig.  5.  Compositional  dependence  of  the  activation  energy  of  the  conductivity. 

Subsequently,  the  band  gap  Eg*'  can  be  calculated  by  the  formula  o  =  oo  exp(-E.j/kT).  The 
observed  decrease  of  Ea  with  increasing  Ga  can  be  explained  by  the  local  ordering  structure  of  the  studied 
glasses  [16].  The  formation  of  Ga-Ga  bridges  at  highest  Ga  eontents  leads  to  creation  of  defect  states, 
resulting  in  an  inerease  of  the  electron  density  in  the  conduction  band. 

4.  Conclusion 

The  complex  investigation  of  the  optical  and  electrical  properties  of  amorphous  (GeS2)!oo-xGax 
thin  films  shows  that  the  introduction  of  Ga  into  glassy  GeS2  does  not  influence  significantly  the  glass.  The 
results  from  the  electrical  transport  in  the  thermionic  and  thermionic-field  emission  regions  support 
Christov’s  theory  for  injected  electron  currents  in  insulators  and  semiconductors.  The  studied  films  are 
characterized  by  their  basic  optical  (band  gap,  refractive  index)  and  electrical  (effective  electron  mass, 
electron  work  function,  activation  energy  of  the  conductivity,  etc.)  properties. 
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EXAFS  measurements  have  been  performed  from  the  Ge  K  edge  and  Bi  Luj  edge  on  GeSBi 
glasses  with  6,  8  and  16  Bi  at.  %,  and  on  crystalline  Bi2S3.  As  expected,  Ge  is  found  to  be 
fourfold  coordinated  with  S  atoms.  It  is  also  found  that  Bi  is  only  coordinated  with  S  with  a 
coordination  number  CN  =  4.  This  result  for  the  CN  of  Bi  contradicts  the  conclusion  of  Elliot 
and  Steel.  On  the  basis  of  the  obtained  CN  of  Bi,  it  is  possible  to  exclude  the  presence  of  81283 
microcrystalline  inclusions  and  to  assert  that  these  glasses  are  homogeneous  at  the 
microscopic  level. 
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1.  Introduction 

The  first  paper  that  dealt  with  the  addition  of  bismuth  in  a  cholcogenide  matrix  was  published 
by  Bowman  and  Schottmiller  [1]  in  1968.  The  goal  was  the  preparation  of  new  infrared 
photodetectors.  At  the  same  time,  it  was  discovered  that  small  amount  of  Bi  atoms  incorporated  in  a 
selenium  matrix  changes  the  electrical  conductivity  from  p  to  n  type  [2].  More  recently,  the  possibility 
of  making  an  all  chalcogenide  glass  p-n  junction  based  on  the  ability  of  Bi  to  change  the  conductivity 
type  was  demonstrated  [3,4].  Since  the  Schotmiller  and  co-workers  results,  many  studies  were 
performed  to  propose  an  explanation  for  the  origin  of  this  specific  property  that  Bi  atom  seems  to 
posses.  Different  atomic  configurations  were  proposed.  Most  of  these  works  were  recently  discussed 
in  a  synthesis  paper  of  Vautier  [5].  In  regard  to  this  last  paper,  one  of  the  conclusions  was  that  after 
more  than  30  years  of  researches  and  debates,  the  origins  of  this  specific  property  are  not  yet 
completely  elucidated.  In  fact,  one  of  the  main  problems  is  the  lack  of  direct  structural  investigations 
of  atomic  Bi  surrounding.  Indeed,  except  the  EXAFS  works  of  Elliot  et  al  [6]  performed  on  GeSBi 
and  GeSeBi  glasses  at  the  Bi  absorption  edge,  to  our  knowledge  no  further  direct  investigations  of  the 
local  surrounding  of  Bi  atoms  incorporated  in  a  chalcogenide  matrix  were  proposed. 

In  this  work,  structural  results  obtained  on  a  series  GeSBi  glassy  materials  by  means  of 
EXAFS  experiments  are  presented.  The  Ge  and  Bi  absorption  edges  are  explored. 

2.  Experiments  and  fitting  procedure 

Glasses  were  synthesised  by  direct  melting  of  the  ad-hoc  amounts  of  high  purity  elements  in 
vacuum  sealed  (10'^  Pa)  silica  ampoules  at  90ft^C  for  72  hours  with  continuous  agitation.  Glasses 
were  obtained  by  quenching  the  tube  in  cold  ice-water  mixture. 

EXAFS  measurements  in  the  transmission  mode  were  performed  at  the  Ge  K  edge  (11103 
eV)  and  Bi  Lm  edge  (13440eV),  at  the  EXAFS  III  station  using  the  beam  delivered  from  the  bending 
magnet  at  DCI  in  LURE  (Orsay  France).  The  Si  3 1 1  monochromator  was  used  to  select  the  beam 
energies  for  Ge  K  and  Bi  LIII  edge  experiments.  Experiments  were  performed  at  room  temperature. 
Data  were  collected  with  an  energy  step  of  2eV  and  3eV  for  respectively  Ge  k  and  Bi  LIII  edges, 
using  ionization  chambers  as  detectors.  Three  spectra  were  obtained  for  each  sample.  The  samples 
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used  in  absorption  measurements  were  prepared  by  crushing  and  grinding  the  materials  into  particles 


finer  than  20  pm,  which  were  homogeneously  pressed  on  kapton  tapes. 

The  EXAFS  spectra  analyses  were  performed  through  a  chain  of  programs  written  by 
Michalowicz  [7].  The  normalised  EXAFS  oscillations  X(k)  were  obtained  with  the  Lengeler- 
Eisenberger  formula  [8]  with  a  linear  model  for  the  pre  edge  background  removal  and  a  five  degree 
polynomial  function  to  reproduce  the  post  edge  absorption.  The  EXAFS  oscillation  are  approximately 
described  by  the  following  formula; 


/  X  ^Fi(2k)Ni 

X(k)  =  i:  ^  ^-expi 


r-Fjrj 


krf 


•  exp(-  2aj  k^  )•  sin(2krj  +  'FCk))  ^  ^  ^ 


Fj(2k)  is  the  backscattering  amplitude  fi'om  each  Nj  neighbouring  atoms  of  the  j’*'  type  located  at  a 
distance  rj  from  the  photoexcited  atom  (here  Ge  and  Bi)  and  'Fj(k)  is  the  total  phase  shift  experienced 
by  the  photoelectron.  Both  Fj(2k)  and  'Fj(k)  are  chemically  sensitive,  aj  is  the  Debye-Waller  factor 
that  is  the  standard  deviation  in  interatomic  distances  relative  to  their  mean  value  rj.  The  damping 
factor  ®xp(-  Fjr  /k)  is  due  to  inelastic  losses  in  the  scattering  process  where  Fj  is  related  to  the  mean 


free  path  of  the  photoelectron. 

Through  the  EXAFS  analysis,  the  information  about  Nj,  rj,  and  Oi  around  the  photoexcited 
atom  can  in  principle  be  obtained  for  each  coordination  shell.  The  modulus  of  the  sine  Fourier 
Transform  (FT)  of  equation  1  gives  a  pseudo  radial  distribution  function  (RDF)  in  real  space.  In  our 
data  treatment,  the  Kaiser  window  function  is  used,  which  is  defined  by  x  =  2.5  in  the  range  3.5  eV  to 
12  eV.  The  FT  of  the  k^  weighted  EXAFS  spectra  were  obtained.  For  these  ternary  chalcogenide 
based  alloys,  ab-initio  calculations  cannot  be  performed  because  of  the  lack  of  a  reference  material. 
Thus  to  simulate  the  EXAFS  oscillations,  we  used  theoretical  phase  and  amplitude  functions  from 
Mac  Cale  et  al.  [9]  which  introduce  a  correction  term  AE  for  the  absorption  edge. 


3.  Results 

The  Fourier  transform  of  the  experimental  EXAFS  signal  obtained  at  the  Gc  K  edge  exhibits, 
for  the  entire  studied  samples,  the  same  shape.  Basically,  as  exemplified  by  Fig.  1,  only  one 
oscillation  is  observed.  Fig.  2  shows  as  an  example  the  experimental  and  the  calculated  filtered 
EXAFS  signals  obtained  on  Ge2oS64Bi|6  at  the  Ge  K  edge.  The  comparison  of  these  two  curves,  show 
that  the  experimental  data  are  well  fitted  by  the  set  of  parameters  given  in  Table  1.  The  same 
conclusions  are  obtained  if  comparisons  are  performed  on  the  Fourier  Transformed  k^  weighted 
EXAFS  spectra.  The  same  procedure  performed  on  Ge26S68Bi6  leads  to  the  same  remarks  and  the  set 
of  parameters  are  also  given  in  Table  1 . 


Fig.  1.  Experimental  Fourier  transform  of  the  EXAFS 
signal  obtained  at  the  K  edge  for  Ge2oS64Bii6. 


Fig.  2.  Experimental  (points)  and  calculated  (line) 
of  the  filtered  EXAFS  signal  obtained  at  the 
Ge  K  edge  for  Ge2oS64Bii6. 
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Table  1 .  Results  obtained  after  the  fitting  procedure  given  the  surrounding  of  Ge  atoms.x2  is 

the  quality  factor. 


Material 

N 

r 

a 

r 

AE 

GC2oS64Bi]6 

4 

2.24 

0.066 

0.43 

10.4 

7x10-'' 

Ge26S68Bi6 

4 

2.24 

0.076 

0.51 

9.8 

SxlO"" 

Fig.  3  shows  the  experimental  EXAFS  signal  obtained  at  the  Bi  LIII  edge  for  all  the  studied 
samples.  From  these  signals  the  filtered  EXAFS  signals  corresponding  to  the  first  shell  are  obtained 
and  simulated.  The  experimental  data  and  the  results  obtained  from  the  fitting  procedures  are 
displayed  on  Fig.  4.  The  sets  of  parameters  obtained  are  given  in  Table  2.  We  may  notice  at  this  stage 
of  the  data  presentation,  that  in  any  case  the  parameters  used  to  fit  the  Bi2S3  crystalline  structure  are 
able  to  fit  the  data  corresponding  to  the  ternaiy  glassy  alloys. 


Fig.  3.  Experimental  EXAFS  signal  obtained  at  the  Bi  Lilt  edge  for  glasses  a)  Ge26S68Bi6,, 
b)  Ge26.7S65.3Bi8,  c)  Ge2oS64Bi|6  and  for  crystal  d)  81283. 


Fig.  4.  Experimental  (points)  and  calculated  (line)  of  the  filtered  EXAFS  signal  obtained  at  the 
Bi  LIII  edge  for  all  the  studied  samples. 
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Table  2.  Results  obtained  after  the  fitting  procedure  given  the  surrounding  of  Bi  atoms. 
Results  for  0620877813  and  Ge2oS7oBi|o  come  from  ref.  6. 


Material 

N 

r 

a 

r 

AE 

X^ 

BiiSs 

3.02 

2.65 

0.10 

1.4 

6.25 

2.2x10-' 

Ge26S68Bif, 

3.90 

2.59 

0.10 

0.92 

5.1 

6.3x10-^ 

Ge26  7S65  aBig 

3.85 

2.60 

0.11 

0.87 

3.2 

2.5x10"' 

Ge2oS64Bii6 

4.02 

2.60 

0.11 

1.28 

1.97 

3.2x10-^ 

Ge2oS77Bi3 

3+0.5 

2.54 

0.06 

Ge2oS7oBiio 

3+0.5 

2.56 

0.08 

4.  Discussion 

From  data  reported  in  Table  1,  we  observed  that  Ge  atoms  are  fourfold  coordinated  with  S 
atoms  located  at  2.24  A.  No  homopolar  Ge-Ge  or  heteropolar  Ge-Bi  bonds  exist  in  these  glassy 
ternary  alloys.  This  result  is  not  surprising  and  is  basically  found  for  all  the  Ge-chalcogenide  alloys  as 
GeSe  [10,1 1]  and  GeTe  [12,13],  as  far  as  the  Ge  content  remains  low  enough.  Thus  as  in  most  cases 
the  local  surrounding  of  Ge  atoms  in  chalcogenide  based  alloys  leads  to  the  formation  of  GeX4 
tetrahedral  units  (X  being  the  considered  chalcogenide  atoms). 

From  data  reported  in  Table  2,  Bi  atoms  are  also  found  fourfold  coordinated  with  S  atoms 
located  at  2.60  A.  this  coordination  number  for  Bi  atoms  is  found  for  both  low  andr  high  Bi  content. 
Moreover,  the  values  of  the  other  parameters  resulting  from  the  fitting  procedure  i.e.  the  Debye- 
Waller  factor,  the  F  factor  are  also  found  very  similarl.  In  Table  2  the  results  obtained  by  Elliot  et  al. 
[6]  on  other  compositions  are  presented.  These  authors  have  found  that  the  coordination  number  of  Bi 
was  3+0.5  with  a  first  coordination  shell  located  at  «  2.55  ±  0.02  A  for  3  at.  %  and  10  at.  %  Bi. 
Differences  occur  between  these  two  compositions  only  on  the  Debye-Waller  factor  values,  which  is 
twice  when  composition  passes  from  3  at.  %  to  10  at.  %  Bi.  We  believe  that  this  discrepancy  between 
these  two  sets  of  experimental  results  could  come  from  two  different  ways.  The  first  concerns  the 
sample  preparation.  Indeed,  as  previously  mentioned  on  other  glassy  chalcogenide  alloys  [14-16], 
small  differences  in:  the  values  of  the  upper  temperature  used  for  melting  operation;  the  maintenance 
times  at  this  temperature;  the  value  of  the  cooling  rate  (never  well  known);  can  lead  to  important 
differences  in  the  local  order  of  the  resulting  glass.  Basically,  this  problem  is  insoluble.  The  second 
concerns  the  fitting  procedure.  Indeed,  as  we  have  well  observed  on  the  GeSeIn  system  [17,18], 
different  sets  of  N,  r,  a,  T  values  can  lead  to  the  same  apparent  good  fit  of  experimental  data.  This 
point  is  rarely  mentioned  in  the  literature  but  is  often  the  source  of  many  problems.  To  carry  out  the 
data  fitting  procedure,  we  have  performed  the  following  steps: 

i)  The  number  of  nearest  neighbours  N  is  fixed  in  such  a  way  that  the  amplitude  of  the 
experimental  signal  is  approximately  fitted. 

ii)  The  radius  r  of  the  first  coordination  shell  is  also  fixed. 

iii)  AE  is  the  first  quantity  allowed  to  vary 

iv)  r  is  the  second  quantity  allowed  to  vary  then  both  AE  and  r  vary  simultaneously. 

v)  CT  varies,  then  a,  AE  and  r  vary  simultaneously. 

vi)  r  varies,  then  E,  a,  AE  and  r  vary  simultaneously. 

vii)  Finally  N  is  allowed  to  vary,  then  all  quantity  vary  simultaneously. 
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The  last  step  is  repeated  until  the  quality  factor  (x^)  reaches  a  constant  minimum  value.  We 
have  to  say,  that  with  this  fitting  procedure,  the  EXAFS  signal  cannot  be  fitted  with  N  =  3  or  N  =  3.5. 
On  the  other  hand,  as  observed  by  Elliot  et  al  [6],  we  find  that  there  is  no  similarity  between  the 
EXAFS  spectra  for  Bi  doped  glasses  and  the  crystalline  structure  (81283).  Thus  in  agreement  with 
Elliot  et  al.  and  at  the  difference  of  other  ternary  chalcogenide  systems  as  GeTeSb  [12,13],  or  GeSeIn 
[17,18],  any  significant  proportions  of  microcrystalline  regions  (clusters  or  micro  clusters)  are  found. 
With  other  words,  Bi  atoms  are  well  dissolved  and  from  an  homogeneous  way  in  the  chalcogenide 
matrix. 


5.  Conclusion 

As  a  conclusion  we  may  propose  the  structure  presented  on  Fig.  5  for  GeSBi  glassy  alloys. 
The  latter  may  be  resumed  as  follow.  Ge  atoms  are  covalently  bonded  to  four  S  atoms  forming 
tetrahedra  units.  In  regards  to  the  studied  composition  most  tetrahedra  must  be  connected  together  by 
common  S  atoms  leading  to  a  tetrahedra  formed  network.  Bi  atoms  are  connected  to  four  tetrahedra 
by  making  bonds  with  S  atoms.  One  consequence  is  that  the  disorder  supposed  to  be  produced  by  the 
introduction  of  Bi  atoms  does  not  concern  short-range  order  or  medium  or  long  range  order  but 
modification  of  the  GeTe4  tetrahedra  network. 


Fig.  5.  Structural  model  proposed  for  Ge  S  Bi  glassy  alloys. 
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Young’s  modulus,  linear  thermal  expansion  coefficient,  stress,  microhardness,  wear  resistance, 
adhesion  and  cohesion  strength  for  thin  films  of  AS2S3,  As2Se3,  Ge28Sbi2Se6o,  Ge33As, 28053  and 
Ge36As4S6o  chalcogenide  glasses  thermally  deposited  onto  unheated  zinc  selenide  substrates 
have  been  determined.  The  interrelationship  between  mechanical  parameters  of  the  films  has 
been  studied.  Wear  resistance  of  chalcogenide  films  has  been  found  to  be  related  to  the 
adhesive  force  and  mechanical  parameters  used  in  the  formal  theory  of  glass  strength.  The 
effect  of  the  additional  stress  arising  in  result  of  the  temperature  increase  under  friction  on  the 
wear  resistance  of  the  films  has  been  shown. 
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1.  Introduction 

Thin  films  deposited  from  chalcogenide  glasses,  are  applicable  in  opto-  and  microelectronics 
for  different  purposes:  protective,  passivating  and  optical  coatings  [1],  electrical  switches  [2], 
heterojunctions  [3],  data  recording,  etc.  Mechanical  strength  determination  is  of  great  importance  for 
the  application  of  the  films.  The  main  mechanical  properties  of  special  interest  are  microhardness, 
wear  resistance,  adhesion  and  shear  strength,  which  are  related  to  the  Young’s  modulus  and  linear 
thermal  expansion  coefficient.  Mechanical  properties  for  the  films  of  this  type  of  materials  have  been 
studied  episodically.  The  available  papers  as  a  rule  give  information  on  the  one  of  tlie  named 
characteristics  only  and  for  the  certain  film  material  (see,  e.g.,  [4  -  7]). 

In  this  work  the  combined  studies  of  the  mechanical  properties  for  thin  chalcogenide  films 
aimed  to  define  the  correlation  between  wear  resistance  and  basic  mechanical  parameters  of  the  films 
have  been  performed.  The  following  glass  compositions  that  are  used  for  IR  optical  components, 
design  of  multilayer  film  structures  for  varied  applications,  and  available  from  different 
manufacturers  [2,  8]  have  been  picked  up  for  the  studies:  AsaSj,  As2Se3,  Ge28Sbi2Se6o,  GessAsnSess 
and  Ge36As4S6o- 


2.  Experimental 

Deposition  of  thin  films  has  been  performed  by  thermal  evaporation  of  the  bulk  glasses  from 
the  effusion  cells  onto  unheated  ZnSe  [9]  and  Si  (1 1 1)  substrates  in  vacuum  deposition  unit  of  VUP-5 
type  (Sumy,  Ukraine)  at  pressure  of  lO"'*  Pa  and  deposition  rate  of  about  (6.0  ±  0.1)  nm/s.  The  bulk 
glass  samples  were  prepared  by  the  melting  of  As,  Se  and  Ge  high-purity  components 
mixture  (99.999  %)  in  evacuated  ampoules  with  the  subsequent  quenching  of  the  melt.  Thickness  of 
thin  films  under  investigation  was  about  1.5  pm.  Microhardness  has  been  measured  on  the  films  of  at 
least  4  pm  thick.  Optical  thickness  monitoring  for  thin  film  during  the  deposition  process  has  been 
conducted  by  the  interference  technique. 

The  Young’s  moduli  and  linear  thermal  expansion  coefficients  have  been  determined  from  the 
results  of  the  measurement  of  thermal  constituent  of  the  stress,  arisen  under  heating  in  the  films 
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deposited  onto  the  substrates  measured  25.0  x  5.0  x  0.2  mm^  with  different  linear  thermal  expansion 
coefficients  (ZnSe  and  Si). 

Stress  in  thin  films  has  been  determined  from  the  measurement  of  the  deflection  of  free  edge 
of  the  substrate  supported  as  a  cantilever  during  film  deposition  or  heating  of  film  -  substrate  system. 
Substrate  deflection  and  linear  themial  expansion  coefficient  measurements  have  been  conducted  by 
laser  dilatometer  (X  =  0.63  pm)  with  the  accuracy  of  ±  XI A  [10]. 

The  linear  thermal  expansion  coefficient  values  for  thin  films  have  been  calculated  from  the 
equations: 


a,,-a,jA 


I- A 


(1) 


(2) 


where  k  is  geometrical  factor  close  to  the  unit;  ttsi  =  8.52  x  10  ®  K  '  and  as2  =  2.51  x  10’®  K''  for  ZnSe 
and  Si,  respectively;  Eji  =  6.49  x  lO'®  Pa  and  Es2  =  18.0  x  lO'®  Pa,  Vsi  =  0.28  and  Vs2  =  0.262 - 
corresponding  Young's  modulus  and  Poisson's  ratio  values;  5i  and  82  -  substrate  deflection  of  the 
film  -  substrate  system  under  heating  from  T|  =  303  K,  to  T2  =  363  K  (AT  =  T2  -  Ti  =  60.0  ±  0.3) 
K. 

The  value  of  the  substrate  Young's  modulus  has  been  defined  from  the  measurement  of  the 
deflection  of  the  loaded  substrate  edge  [11].  Poisson's  ratio  values  were  taken  from  literature  [12]. 
The  error  of  the  linear  thermal  expansion  coefficient  determination  for  thin  films  was  not  higher  than 
5%. 

Thin  film  Young's  modulus  has  been  computed  from  the  equation 


^  E,,dl8,(l-v,)  (3) 

^  3(l-v^,)PdjAT(aj-a^,y 

where  ds  =  2.0  x  lO  '*  m  -  substrate  thickness;  df  =  1.5  x  10'®m  -  film  thickness;  /  -  the  length  of  the 
deformed  portion  of  the  substrate  (the  gauge  length);  Vf-  Poisson’s  ratio  of  film  material. 

For  the  selected  film  and  substrate  thicknesses  the  corrections  for  the  equations  (l)-(3), 
accounting  for  the  film  and  substrate  Young’s  modulus  and  thickness  ratio  have  been  not  higher  than 
0.5  %  (see  [13]).  Young's  modulus  determination  error  was  not  higher  than  7  %. 

Microhardness  for  thin  films  (H^f)  has  been  measured  on  PMT-3  device  (Minsk,  Belarus)  with 
the  accuracy  better  than  5  %  at  indentation  depth  not  higher  than  2/3  of  the  film  thickness.  The 
microhardness  number  has  been  derived  from  9  microhardness  indentations.  The  coefficient  of 
variation  was  not  higher  than  ±  10  %. 

Wear  resistance  measurements  have  been  performed  with  the  help  of  the  device  described 
in  [14].  Samples  have  been  rubbed  by  application  of  the  force  of  about  (2.00  ±  0.01)  N  to  the  film  via 
the  rubbing  tip  at  a  distance  of  To  =  5  x  10’^  m  from  the  rotational  axis  of  the  sample  rotating  at  an 
angular  speed  of  500  RPM.  Thin  films  were  rubbed  by  the  batiste  cloth  moving  at  a  speed  of 
5.0  X  lO  '^  m/s.  The  device  provides  removal  of  the  wear  products  from  the  zone  of  friction  and  allows 
determination  of  revolutions  number  of  stood  by  the  sample  up  to  the  moment  when  the  scratch  cuts 
through  the  film.  To  determine  the  relative  wear  resistance  for  the  films  the  experimental  data  have 
been  rated  to  the  wear  resistance  for  Gei6Sb24Se6o  film  taken  for  a  unit.  Wear  resistance  has  been 
determined  with  the  accuracy  better  than  3  %.  The  coefficient  of  variation  was  about  ±  7  %. 

Adhesion  and  shear  strengths  have  been  determined  by  the  normal  pulFoff  method  [15].  Pins 
have  been  resin  bonded  to  the  films.  The  sum  of  the  force  breaking  away  the  film  from  the  substrate 
and  the  shearing  force  around  the  pin  perimeter  has  been  measured  with  the  help  of  mechanical-to- 
electric  transducer.  Force  values  have  been  measured  to  an  accuracy  of  0.1  N  [8].  The  pins  of  two 
different  radii  have  been  used  rj  =  2r2  =  2  x  10’^  m.  For  this  case  adhesion  and  shear  strengths  have 
been  calculated  from  the  equations: 
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F,-2F, 

2;zr/ 


(4) 


(5) 

4m-, 

where  Fj  and  F2  -  the  sum  of  the  breaking  and  shearing  forces  for  the  pins  with  ri  and  r2  face  radius, 
respectively.  Adhesion  and  shear  strengths  have  been  estimated  from  the  data  of  5  measurements  for 
each  film,  coefficient  of  variation  being  not  higher  than  ±5%. 


3.  Results  and  discussion 

Tables  1  -  3  present  the  mechanical  parameters  for  thin  films  and  the  data  from  literature  for 
the  corresponding  chalcogenide  glasses.  The  following  correlation  between  film  and  bulk  glass 
parameters  has  been  found: 


Ej-  =0.92E^, 

(6) 

=  1.12a^, 

(7) 

H^,=0.29H^,. 

(8) 
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Fig.  1.  Theoretical  EAa  value  (EAttcaic)  versus 
experimental  (EAaexp).  The  line  corresponds  to  the 
proportionality  factor  equal  to  the  unit. 

These  relationships  between  bulk  material  and  film  mechanical  parameters  closely  coincide 
with  the  ones  observed  for  Si02,  SiN  and  Si3N4  thin  films.  The  authors  of  the  reference  [23]  have 
attributed  the  decrease  in  the  Ef/(1  -  Vf)  value  for  thin  films  against  the  bulk  material  to  the  packing 
density  that  is  the  ratio  between  film  density  pf  and  density  of  bulk  material  Pb  (Pf/pb). 

The  higher  linear  thermal  expansion  coefficient  values  for  the  films  with  respect  to  bulk 
materials  and  their  dependence  on  the  substrate  material  for  ZnS,  ZnSe,  SrF2  and  BaF2  films  ascribed 
to  the  structural  peculiarities  of  the  films  have  been  observed  earlier  [24].  Substantially  lower  thin 
film  microhardness  as  opposed  to  that  for  bulk  glass  and  its  dependence  on  the  annealing  temperature 
has  been  reported  for  AS2S3  [25]  and  Si02  films  [26]. 
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Table  1.  The  Young’s  moduli  (E)  and  linear  thermal  expansion  coefficients  (a)  for 
chalcogenide  glasses  and  thin  films  on  their  base. 


E,  10'“Pa 

a,  lO'^K’' 

Compound 

Bulk  glass 

References 

Film 

Bulk  glass 

References 

Film 

1.62 

[2] 

1.0 

22.4 

[5] 

26.0 

1.38 

[13] 

23.7 

[2] 

0.8 

[5] 

26 

[6] 

As2Se3 

1.83 

[17] 

1.5 

19 

[13,  5] 

22.0 

2.14 

[5] 

2.0 

15.0 

[5,6] 

16.5 

2.07 

[13] 

15.8 

[18] 

2.18 

[17] 

2.07 

[13] 

1.8 

13.3 

[6] 

15.0 

13 

[13] 

2.10 

[17] 

1.9 

12.0 

[17] 

14.0 

Table  2.  Poisson’s  ratio  (v)  and  microhardness  (H^)  for  chalcogenide  bulk  glasses  and  thin  films. 

V 

Hk,  10’ Pa 

Compound 

Bulk  glass 

References 

Bulk  glass 

References 

Film 

AS2S2 

0.305 

[18] 

09 

[16;  19] 

33 

134 

[22] 

As^SCj 

0.289 

[20] 

140-156 

[22] 

34 

0.297 

[18] 

114 

[19] 

Ge2gSbj2Se6o 

0.265 

[20] 

150 

[19] 

45 

^®33^^12^^55 

0.266 

[20] 

171 

[19] 

50 

0.250 

[20] 

200 

[20] 

58 
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Table  3.  Relative  wear  resistance  (e),  initial  stress  (Oo),  adhesion  and  shear  strengths  (a,  and 

Osh)  for  chalcogenide  thin  films. 


Compound 

e, 

relative  units 

Oq, 

MPa 

CTa, 

GPa 

^sh) 

MPa 

ZnSe 

6.2 

8.2 

4.8 

29-49 

ASjSj 

3.1 

-1.3 

1.8 

26 

3.5 

2.1 

2.6 

30 

1.0 

-4.2 

1.5 

33 

4.5 

12.0 

4.0 

35 

4.9 

11.4 

3.5 

39 

Information  on  the  Young’s  modulus  and  linear  thermal  expansion  coefficient  is  necessary  for 
computation  of  thermal  stress  in  thin  films.  Fig.  1  shows  the  interrelation  between  the  value  of  the 
EAa  product  determined  experimentally  for  thin  films  deposited  onto  ZnSe  substrates  and  calculated 
from  the  literature  data. 

Data  from  different  references  on  the  ZnSe  crystal  parameters  (Es=  4.1xlO'°Pa  [19]  and 
Es=  7.1x10  Pa  [27];  as=  7.8x10  '  [28]  and  8.5x1 0'^K  *  [17])  have  been  used  in  calculations 

for  comparison.  The  discordance  in  ZnSe  parameters  is  related  to  anisotropy  and  the  difference  in 
crystal  perfection.  For  the  glasses,  the  discrepancies  between  parameters  given  in  Tables  1  and  2,  as  a 
rule,  are  attributed  to  the  peculiarities  in  glass  preparation  technique. 

As  it  is  seen  from  Fig.  1,  there  is  substantial  difference  between  experimental  and  computed  EAa 
values. 
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Ge33Asi2Ses5  ^ 

As2Se3  •  Ge28Sbi2Se6o 


25 


AS2S3 


1.5  2  2.5  3 

(EHp)l/2(GPa) 


3.5 


Fig.  2.  Shear  strength,  CTsh  (MPa),  versus  (GPa) 

for  thin  chalcogenide  films. 
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It  is  known  that  the  adhesive  and  cohesive  forces  define  mechanical  strength  of  thin  film. 
According  to  the  formal  theory  of  the  glass  strength  [29],  the  strength  of  the  glass  is  described  by  the 
equation: 


O'sh  ~  ^0  ’ 


(9) 


where  Co=  1 .1  x  10"^  is  a  constant,  determined  from  the  experiment. 


Fig.  2  shows  the  dependence  of  the  shear  strength  for  thin  films  on  the  value.  From  this 

dependence  the  constant  Co  in  eq.  (9)  for  thin  films  under  investigation  has  been  found  to  be  about 
7.5  X  lO'^.  In  view  of  the  found  relationships  (6)  and  (8)  this  constant  is  equal  to  5.8  x  10'^  that  is  in 
agreement  with  experimental  results  with  the  accuracy  of  23  %. 

The  dependences  of  the  relative  wear  resistance  for  the  films  on  the  adhesion  strength  and 
value  are  given  in  Fig.  3  and  4,  respectively.  The  highest  deviation  from  the  straight  line  in 

Fig.  3  has  been  found  to  be  over  ±  45  %. 
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Fig.  3.  Relative  wear  resistance,  e,  for  chalcogenide 
films  versus  adhesion  strength,  Og.  The  line  is  drawn  by 
the  least-squares  technique. 


Experimental  data  shown  in  Fig.  4  (with  the  exception  of  GeagSbnSeeo  films)  can  be  described 
by  the  linear  dependence  with  a  slope  of  1.2  x  10"’ Pa  '.  The  significant  deviation  from  the  linear 
dependence  given  in  Fig.  4  of  the  relative  wear  resistance  for  GeasSbuSeeo  films  can  be  associated 
with  the  thermal  stress  resulting  from  thermal  spike  under  the  work  done  by  frictional  forces. 
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Fig.  4.  Relative  wear  resistance,  e  (relative  units), 
versus  (GPa)  for  chalcogenide  films. 


The  computations  of  the  contact  temperature  under  rubbing  of  the  films  (carried  out  following 
the  equations  of  ref.  [30])  gave  the  temperature  increase  possible  in  the  near-surface  region  of  the 
sample  of  about  ATc  =  40-60  K.  Fig.  5  shows  theoretical  dependence  of  the  relative  wear  resistance 
on  the  total  stress,  that  can  arise  in  thin  films  under  investigation  with  temperature  increase  in  60  K. 
It  is  seen  that  in  result  of  the  heating  the  highest  compressive  stress  arises  in  Ge28Sbi2Se6o  films. 

The  calculations  have  revealed  that  for  the  above-mentioned  conditions  of  the  experiment  the 
wear  resistance  of  the  films  is  additionally  affected  by  an  external  compressive  stress  of  about 
1.0  X  10  Pa  grown  up  in  the  zone  of  friction.  Thus  the  origination  of  the  high  compressive  stress 
Ot  =  E  a  ATc  exceeding  the  flow  limit,  reducing  the  adhesion  strength  and  the  wear  resistance  is 
characteristic  of  Ge28Sbi2Se(5o  films. 
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Fig.  5.  Calculated  dependence  of  the  relative  wear 
resistance,  s,  for  chalcogenide  films  on  the  value  of  the 
total  stress  Oq  +aT.  Crosses  show  the  initial  stress  ao- 
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4.  Conclusions 

The  interrelation  between  mechanical  properties  of  AS2S3,  As2Se3,  Ge28Sbi2Se6o,  Ge33As, 28655 
and  Ge36As4S(5o  chalcogenide  glasses  and  thin  films  on  their  base  has  been  determined.  The  necessity 
of  the  combined  studies  of  the  mechanical  properties  for  the  prediction  of  the  wear  resistance  has 
been  shown.  The  effect  of  the  additional  stress  originating  under  friction  should  be  taken  into  account 
in  the  explanation  of  the  deviations  from  the  found  relationships  between  wear  resistance  and 
mechanical  parameters. 
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RESEARCH  OF  A  MICROPLASMA  BREAKDOWN  IN  THIN  FILMS  OF 
GLASSY  SEMICONDUCTORS 
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Experiments  were  carried  out  to  detect  presence  of  a  microplasma  in  thin  films  of  glassy  chal- 
cogenide  semiconductors.  Films  of  As2Se3  and  As2SeTe2  were  investigated.  In  the  regime  of  a 
“soft”  breakdown  time  series  of  current  and  voltage  of  the  samples  based  on  As2Se3  were 
measured  and  then  processed  by  spectral  analysis.  Films  of  As2SeTe2  were  used  for  experi¬ 
ment  with  long  discharge  space.  This  experiment  resulted  in  observation  of  oscillating 
streamer  discharge.  A  model  was  suggested  to  explain  the  phenomenon. 
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1.  Introduction 

Investigation  of  electronic  processes  occurring  at  high  electrical  fields  in  thin  films  of  vitreous 
semiconductors  is  of  great  interest  both  for  theory  of  carrier  multiplication  in  amorphous  semicon¬ 
ductors  [1],  and  for  practical  application  of  this  material  for  pulse  generation  of  acoustic  and  optical 
radiation  [2].  At  high  current  concentration  density  of  free  charge  carriers  become  so  large  that  elec¬ 
tron  subsystem  have  to  be  considered  as  a  plasma  media  or,  speaking  other  words,  a  microplasma, 
because  these  regions  are  localized  in  solid  state.  The  main  feature  of  a  microplasma  by  analogy  with 
gaseous  plasma  is  collective  behavior  of  involved  charge  carriers.  This  effect  results  in  the  presence 
of  nonlinear  processes  in  microplasma  media.  Such  processes  can  have  the  resonant  or  oscillatory 
nature  depending  on  different  conditions. 

In  the  given  work  the  results  of  experimental  investigation  of  an  electrical  instability  arising  in 
a  mode  of  “soft”  and  irreversible  breakdown  of  thin  films  of  vitreous  semiconductors  are  presented. 
Films  of  As2Se3  and  As2SeTe2  were  under  study.  Experimental  procedure  with  the  samples  based  on 
As2Se3  included  dynamic  measurement  of  I-V  (current-voltage  characteristics)  and  pulse  measure¬ 
ments  of  sample’s  current  and  voltage  series  for  constant  voltage  of  the  generator.  Films  of  As2SeTe2 
were  used  for  registration  of  the  spatial  distribution  of  the  energy,  developing  in  the  sample  at  an  irre¬ 
versible  streamer  breakdown. 

2.  Experimental 

Samples  with  films  of  As2Se3  presented  sandwich-like  structure  Au— Vitreous  semi- 
conductor-In203-Glass  substrate.  One  contact  to  the  amorphous  film  was  In203  layer,  and  the  other 
one  was  pinch  gold  contact  with  an  area  of  2.5-10’  pml  The  thickness  of  films  for  different  samples 
was  made  varying  from  0.2  to  1  |am.  Samples  with  As2SeTe2  film  had  rather  different  structure  and 
thickness  of  the  chalcogenide  film.  The  structure  consisted  of  a  glass  substrate  with  chalcogenide  film 
deposited  upon  it  and  planar  metallic  electrode  strips  with  the  distance  between  them  0.2  mm  depos¬ 
ited  on  the  surface  of  the  semiconductor  film.  The  thickness  of  the  chalcogenide  films  was  1  -  5  pm. 
All  the  chalcogenide  films  were  produced  by  vacuum  evaporation. 

Investigation  of  samples  based  on  As2Se3  was  conducted  as  follows.  At  first,  single  saw  teeth¬ 
like  pulse  of  voltage  was  applied  to  the  sample  during  5  ms.  Measurement  of  current  and  voltage  of 
the  sample  started  simultaneously  with  the  beginning  of  the  pulse.  After  the  I-V  characteristic  is  de¬ 
fined,  several  square  voltage  impulses  of  different  amplitude  with  high  duration  were  applied  to  the 
sample.  The  pulse  must  be  long  enough  to  measure  sufficient  amount  of  current  and  voltage  data  for 
statistical  processing.  Amplitude  of  the  pulses  covered  all  voltage  range  of  the  earlier  measured  I-V 
characteristic.  The  length  of  the  measured  time  series  was  5000  values.  One  should  mention  that  in 
this  case  the  voltage  applied  not  exceeded  breakdown  threshold.  The  aim  was  to  measure  time  series 
near  the  breakdown  threshold,  which  was  defined  by  strong  noise  on  the  I-V  characteristic.  Time  se- 
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ries  were  subjected  to  spectral  analysis.  Above-mentioned  experiment  was  carried  out  in  such  conditions, 
when  amorphous  material  was  not  subjected  to  irreversible  changes.  Other  extreme  case  was  the  experi¬ 
ment  on  observation  of  a  streamer  breakdown  in  lengthy  interelectrode  gap.  For  this  experiment  a  samples 
based  on  As2SeTe2  were  used.  At  the  beginning  of  the  experiment  the  pulse  of  voltage,  with  leading  edge 
less  than  duration  of  all  characteristic  processes  in  structure,  was  applied  to  the  structure.  The  duration  of 
the  pulse  must  be  large  for  the  completion  of  the  streamer  process  [3].  The  track  pattern  was  influenced  by 
parameters  of  electric  impulse:  amplitude,  the  rate  of  voltage  increasing,  impulse  duration  and  resistance  of 
the  generator. 

3.  Results  and  discussion 

Processing  of  series  for  the  several  As2Se3  samples  showed  that  there  was  special  threshold  on  the 
I-V  characteristic  at  the  forward  bias  (when  potential  on  the  ln203  electrode  was  positive).  If  the  amplitude 
of  the  square  pulse  was  greater  than  threshold  then  spectral  analysis  showed  low  frequency  chaotic  oscilla¬ 
tions  for  voltage  series.  Presented  in  this  work  results  concerned  the  film  of  As2Se3  with  thickness  of  0.3 
pm.  I-V  characteristic  for  the  sample  is  shown  on  Fig.  1.  Investigation  had  shown  that  the  threshold  of  os¬ 
cillations  approximately  equaled  to  1  V  while  the  irreversible  breakdown  began  approximately  at  1.5  V. 
The  curves  of  spectral  analysis  for  the  current  and  voltage  series  before  oscillation  threshold  looked  like 
curves  shown  on  Fig.  2  for  voltage  0.8V  at  the  forward  bias.  Fig.3.  shows  curves  of  spectral  analysis  for 
forward  voltage  1.1  V.  All  the  curves  for  reverse  bias  had  shape  of  white  noise  with  a  rise  at  low  frequen¬ 
cies. 


Fig.  1 .  The  1-V  characteristic  for  As2Se3  s  Fig.  2.  Curves  of  spectral  analysis  for  time 

ample,  measured  before  studying  time  series,  series  of  current  and  voltage  at  the  mean 

forward  voltage  of  0.8V. 

Figures  with  results  of  spectral  analysis  show  distribution  of  spectral  density  S(f)  for  the  time  series 
of  current  and  voltage,  expressed  in  decibels.  Dependence  of  the  spectral  density  on  frequency  is  defined 
by  the  expression: 

A  "  ' 

)  =  -  Z  •  exp(-2;r//;/)  ( 1 ) 

n  M 

Where  n  is  length  of  the  series,  ^0,1,2. ..w/2,  are  the  discrete  Fourier  frequencies,  time  se¬ 
ries  of  current  or  voltage. 
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Fig.  3.  Curves  of  spectral  analysis  for  time  series  of 
current  and  voltage  at  the  mean  forward 
voltage  of  1.1  V. 


Fig,  4.  Traces  left  in  the  material  by  pulsating 
head  of  a  streamer. 


Presence  of  close  several  peaks  on  spectral  curves  (Fig.  3)  points  to  at  least  three  periodic  proc¬ 
esses  in  volume  of  the  structure.  These  oscillations  are  supposed  to  be  due  to  microplasma  generation  and 
damping.  The  generation  of  a  microplasma  region  leads  to  a  local  rising  of  carriers.  As  the  pulse  generator 
in  that  case  acted  as  current  source  so  changes  in  carriers  had  resulted  in  detected  potential  oscillations. 

Results  obtained  with  As2SeTe2  samples  enabled  us  to  recognize  microplasma  generation  by  traces 
in  the  chalcogenide  film.  The  energy  dissipation  during  impulse  breakdown  was  registered  visually  by  the 
view  of  the  melted  material  track.  To  demonstrate  reproducibility  of  that  mode,  the  breakdown  was  exe¬ 
cuted  by  sequence  of  similar  pulses,  so  Fig.  4  shows  a  number  of  parallel  channels. 

In  order  to  explain  this  effect  we  proposed  that  two  concurrent  processes  take  place  in  the  streamer 
head:  the  electron-hole  generation  and  the  heating,  which  reduces  generation. 

Streamer  breakdown  is  rather  complicated  process  and  has  some  consequence  steps.  We  consid¬ 
ered  the  some  main  stages.  During  delay  time  id  the  forming  of  the  cathode  streamer  head  takes  place,  after 
that  the  wave  of  plasma  generation  spreads  from  cathode  to  anode  and  forms  a  current  channel.  As  a  result 
of  this  process  the  potential  jump  and  the  high  field  region  occurs  near  anode.  At  the  next  stage  double 
injection  of  hot  carries  into  depletion  region  takes  place  from  the  anode  and  the  channel.  The  level  of  in¬ 
jection  is  so  high,  that  impact  Auger  recombination  becomes  dominated.  The  current  through  channel  en¬ 
larges  at  several  orders.  The  head  of  anode  streamer  generates  plasma  and  moves  toward  the  cathode.  The 
recombination  process  in  the  anode  streamer  head  is  accompanied  by  phonon  generation  [2]  and  the  hot 
spot  becomes  powerful  source  of  phonon  stream  modulated  by  periodic  oscillation 

This  process  is  similar  to  leader  breakdown  of  gases.  This  stage  of  breakdown  used  to  call  spark 
breakdown  because  the  temperature  of  the  leader  head  is  so  high  that  it  emits  light. 

In  the  discussion  of  possible  nature  of  oscillations  we  exclude  the  initial  and  final  stages  of  anode 
blazing  up  and  cathode  blazing  down.  We  consider  only  the  period,  when  the  leader  head  (hot  spot)  moves 
to  cathode  with  a  constant  velocity.  In  that  case  it  is  possible  to  use  stationary  approximation,  because  the 
average  energy  dissipated  by  the  hot  spot  is  equal  to  the  energy  of  supply.  The  equation  of  the  charge  bal¬ 
ance  is  standard: 

^^G-U-divi,J),  (2) 

Q  —  charge  of  carriers,  G  —  generation  part,  U-  recombination  part,  J—  current  density. 

In  order  to  calculate  the  concentration  of  carriers  in  the  head  we  assume  that  the  volume  of  the 
head  is  constant.  After  integration  and  differentiation  we  shall  get: 

d^N  dG  dU 
dd  dt  dt 

Where  N  -  concentration  of  electrons  in  the  head  of  the  leader.  As  we  can  see  the  balance  of  gen¬ 
eration  and  recombination  rates  determines  the  change  of  carriers.  If  we  take  into  consideration  heating 
and  temperature  dependence  of  Auger  recombination  we  can  write  non-linear  system: 

y'^  =  •>'2 
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Where  yi  -  normalized  concentration,  y?  -  rate  of  concentration  variation,  constants 
and  “c”  are  determined  by  material  properties.  The  numeric  decisions  of  equation  were  determined 
under  different  conditions.  The  phase  diagram  for  one  of  variants  is  at  the  Fig.  5.  It  shows  the  possi¬ 
bility  of  existence  not  only  divergent  but  also  periodic  solutions  in  accordance  with  different  initial 
conditions.  We  marked  (A,  B,  C)  three  different  possible  cases,  demarcated  by  phase  lines,  which 
from  our  point  of  view  are  similar  to  some  of  our  experimental  results. 

i2 
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Fig.  5.  The  phase  diagram  of  numeric  solutions. 


Fig.  6.  The  solutions,  which  demonstrate  the  existence 
of  not  only  divergent  (1,2,4),  but  periodic  (3) 


The  four  different  solutions,  which  are  corresponded  to  the  marks  on  phase  diagram,  are  rep¬ 
resented  at  Fig.  6. 

Solution  “1”  corresponds  to  region  A  (Fig.),  solution  “2”  to  B,  solution  “3”  to  C  and  solution 
“4”  to  the  border  between  B  and  C.  Cases  “1”  and  “2”  could  be  correlated  with  well-known  solid  trace 
of  melted  material  during  spark  breakdown.  Solution  “4”  could  explain  breakdown  channel  with  two 
(or  other  discrete  number)  hot  spots.  The  most  interesting  case  is  “3”,  which,  from  our  point  of  view, 
causes  tracks  of  fig.4.  The  picture  demonstrates  that  the  periodic  oscillatory  breakdown  is  rather  re¬ 
producible.  But  we  must  pay  attention  that  the  range  of  initial  conditions  that  produces  periodic  os¬ 
cillations  is  rather  narrow,  as  possible  to  notice  at  Fig.  5. 

4.  Conclusion 

The  performed  investigation  confinns  the  existence  of  electrical  instabilities  at  high  electric 
fields.  In  our  case,  the  study  of  time  series  of  current  and  voltage  revealed  low  frequency  chaotic  os¬ 
cillations,  which  can  be  explained  by  generation  and  damping  of  several  microplasma  regions. 

Another  experiment  on  observation  an  irreversible  spark  breakdown  in  long  discharge  gaps 
demonstrated  that,  depending  on  initial  conditions,  breakdown  in  chalcogenides  has  an  oscillating 
character,  which  must  be  accompanied  by  powerful  periodically  modulated  stream  of  phonons.  Ac¬ 
cording  to  the  suggested  model  this  never  known  before  effect  is  explained  by  competition  between 
processes  of  carrier’s  generation  and  recombination,  resulting  in  periodical  generation  of  a  micro¬ 
plasma  in  streamer’s  head. 
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Glass-forming  region  in  the  GeSe2-As2Se3-CdTe  system  has  been  determined  by  visual,  X-ray 
diffraction  and  electron  microscope  analyses.  Glasses  have  been  obtained  in  the  GeSe2-rich 
region.  Glass-formation  has  been  situated  wholly  on  the  GeSea-  As2Se3  and  partially  on  the 
GeSca-CdTe  and  AsaSes-CdTe  (0-15  Mol,  %  CdTe)  sides  in  the  Gibbs  diagram.  The  maximal 
dissolution  of  CdTe  in  the  glasses  has  been  found  up  to  20  Mol.  %  CdTe.  The  temperatures  of 
glass  transition  (Tg),  crystallization  (Ter)  and  melting  (Tm)  of  the  glasses  have  been  examined 
in  the  temperature  range  20-^-950  °C.  Two  exothermic  effects  have  been  registered  at  440  and 
565  °C,  which  are  connected  with  GeSca  and  CdTe  crystallization,  respectively.  The 
endothermic  effect  observed  at  680±20  °C  is  related  to  the  previous  crystallized  GeSea  phase. 
A  small  deviation  from  the  melting  temperature  of  GeSea  (Tm=740  ®C)  is  probably  due  to  a 
solid  solution  formation  on  the  base  of  GeSe2+As2Se3.  According  to  the  rule  At=Tc-Tm>100 
°C  the  glasses  have  been  obtained  stable.  The  density  and  microhardness  of  the  glassy  samples 
have  been  measured  to  be  in  the  range  4.36-f4.58  g/cm^  and  85-125  kgfmm^,  respectively.  It 
has  been  calculated  some  characteristics  of  synthesized  glasses  as  follows:  module  of  elasticity 
(E),  minimal  micro-voids  volume  (Vh)  and  micro-voids  formation  energy  (Eh).  The  relations 
properties-average  coordination  number  (Z)  were  clarified  in  terms  of  glassy  network 
structure. 
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1.  Introduction 

Recently,  multicomponent  chalcogenide  glasses  are  widely  applicable  in  the  field  of 
semiconductor  technics.  The  great  interest  of  these  materials  is  due  to  their  simply  obtaining 
technology  in  bulk  forms  and  thin  films;  chemical  and  radiation  durability;  their  transparency  and 
photosensitivity  in  IR  and  VIS  spectral  regions,  as  well  as  the  possibility  of  wide  varying  of 
properties  with  the  composition.  That  determine  the  possibilities  for  their  application  -  for  optical 
covers  and  optical  fibers  preparation,  photoresists,  optical  recording  media,  threshold  and  memory¬ 
switching  devices  and  so  on.  Multicomponent  chalcogenide  glassy  materials  have  recently  been  used 
successfully  in  ion-selective  potentiometry  as  functional  membranes  in  ionselective  electrodes  for 
determination  of  heavy  metal  ions  [1].  Chalcogenide  glassy  membranes  are  more  stable  and  durable 
in  corrosion  media  in  respect  to  crystalline  ones  [2].  In  this  connection  chalcogenide  glasses  are  often 
used  as  membrane  materials  in  ionselective  electrodes  for  determination  of  Ag(I)-,  Pb(II)-,  Fe(III)- 
and  Cu(II)-ions  [2‘^5]. 

The  investigation  of  new  glassy  materials  on  the  basis  of  Ge-chalcogenides  and/or  As  with 
MeCh  (Me=Zn,  Cd,  Ni,  Sn,  Tl,  Cr  and  so  on;  Ch-S,  Se,  Te)  provokes  the  scientific  interest  for  new 
membranes  materials  production. 

The  aim  of  the  present  work  is  to  synthesize  multicomponent  chlacogenide  glasses  in  the 
system  GeSe2-As2Se3-CdTe  and  to  investigate  their  physico-chemical  properties.  The  idea  of  CdTe 
addition  in  glassy  matrix  is  to  increase  the  ionic  conductivity  [6].  It  is  expected  the  new  synthesized 
glasses  to  be  a  suitable  material  for  Cd^^-ionselective  electrodes. 
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2.  Experimental 

The  glass-forming  region  was  determined  by  the  help  of  24  synthesized  compositions.  The 
starting  materials  were  Ge,  As,  Se  with  5N  purity  and  CdTe  (Coating  quality,  BALZERS  99.999%). 
The  starting  compounds  GeSe2  and  As2Se3,  as  well  as  the  samples  from  the  investigated  system  were 
prepared  by  direct  monotemperature  synthesis  at  850-1000  depending  on  the  CdTe  content.  The 
melts  were  kept  for  about  2  hours  at  the  highest  temperature  of  the  synthesis  and  vibrational  stirring 
was  applied,  and  after  that  the  melts  were  quenched  in  a  ice-water  mixture. 

The  glassy  state  of  the  obtained  samples  were  checked  by  a  visual,  X-ray  diffraction 
(diffractometer  TUR  -  M  61  with  CuKa  radiation  and  a  Ni  filter)  and  electron-microscope  (Philips) 
analyses.  The  density  of  the  samples  (d)  was  measured  by  a  hydrostatic  method  using  toluene  as 
immersion  fluid  and  the  microhardness  (HV)  was  measured  by  Vickers’  method.  A  thermograph 
(DTA)  was  used  to  record  the  thermal  characteristics  of  the  samples. 

3.  Results 

The  synthesized  bulk  samples  from  the  GeSe2  -As2Se3-CdTe  system  are  dark  colored  with  a 
strong  lustre.  The  results  from  the  X-ray  diffraction  show  that  several  compositions  (group  A)  are 
typical  glasses  without  peaks  on  the  diffractograms  ^  these  compositions  form  the  glass-forming 
region.  Some  other  compositions  (group  B)  show  diffraction  peaks  with  small  intensity  (compositions 
on  the  region’s  boundary).  The  diffractograms  of  the  samples  from  group  C  show  strong  peaks,  these 
samples  are  crystalline  and  outside  the  glass-forming  region. 

The  electron  microscopic  observation  shows  a  smooth  and  homogeneous  surface  of  the 
samples  form  group  A.  Small  crystalline  regions  are  shown  on  the  surface  of  the  samples  from  group 
B  while  the  samples  placed  outside  of  the  glass-forming  region  (group  C)  are  completely  crystallized. 
Thermal  characteristics  of  the  samples  -  temperatures  of  glass  transition  (Tg),  crystallization  (Ter)  and 
melting  (Jm)  were  determined  by  DTA-analysis  and  the  results  are  summarized  in  Table  1.  The 
obtained  values  for  density  and  microhardness  are  given  in  Table  1. 

Table  1.  Thermal  and  physical  properties  of  the  (GeSe2)x(As2Se3)y(CdTe)z  glassy  samples, 

where  x+y+z=100. 


Composition 

m 

T„  °C 

Ter,  °C 

Tn,,  "C 

mu 

HV, 

kgf/mtn^ 

x 

y 

z 

90 

0 

10 

0.0 

155 

445 

680 

4.40 

125 

81 

9 

10 

0.1 

445,565 

685 

4.44 

120 

63 

27 

10 

0.3 

125 

445,565 

685 

4.49 

115 

45 

BB 

mm 

0.5 

120 

miEsssm^ 

675 

104 

27 

mm 

■■ 

0.7 

120 

4.56 

96 

9 

81 

mm 

0.9 

120 

440 

665 

4.60 

89 

0 

90 

10 

1.0 

130 

440 

660 

4.62 

85 

4.  Discussions 

4J.  Glass-forming  region 

The  glass-forming  region  was  determined  on  the  basis  of  the  results  from  the  visual,  X-ray 
diffraction  and  electron  microscopic  analyses  of  the  samples  from  ternary  (GeSe2)x  (As2Se3)y(CdTe)z 
system,  where  x+y+z  =  100  and  m  =  y/(x+y)  -  Fig.  1 .  The  region  is  situated  in  the  GeSe2  -rich  region 
and  lies  wholly  on  the  GeSe2-  As2Se3  side  partially  on  the  GeSe2-CdTe  and  As2Se3-CdTe  sides  from  0 
to  17  Mol. %  CdTe.  The  glasses  dissolves  up  to  20  Mol.%  CdTe  -  Fig.  1. 


New  chalcogenide  glasses  in  the  GeSe2  -As2Se3-CdTe  system 


505 


70 


CdTe 


mol  Vo  As2Se3 

Fig.  1 .  The  glass-forming  region  in  the  GeSe2’As2Se3-CdTe  system. 


As2Se3 


4.2.  Thermal  characteristics 


Three  different  effects  are  observed  in  the  thermograms  of  the  glasses:  the  first  endothermic 
effect  is  connected  to  the  glass  transition  temperature  (Tg),  next  exothermic  effect  is  related  to  the 
crystallization  temperature  (Ter)  (part  of  samples  show  two  consecutive  exothermic  peaks),  and  last 
endothermic  effect  correspondent  with  melting  of  the  crystallized  phases  (solid  solutions).  Glass 
transition  temperatures,  Tg,  of  the  glasses  decreases  with  increasing  of  m  (z  =  const).  The  obtained  Tg 
values  are  in  the  range  120-^150  °C.  The  influence  of  the  composition  variation  on  the  crystallization 
temperature  is  negligible,  it  is  evidence  that  identical  phases  are  crystallized  at  the  all  compositions. 
The  quantity  of  the  glassformers  GeSe2  and  As2Se3  have  no  influence  on  T^.  It  is  observed  one  or  two 
crystallized  phases  under  glassy  samples  heating.  The  first  crystalline  phase  was  observed  at 
(440±5)°C  and  the  second  at  (565±5)®C,  respectively.  We  supposed  that  the  low  temperature 
crystallized  phase  belongs  to  GeSe2  and  high  temperature  crystallized  phase  corresponds  to  CdTe, 
taking  into  account  that  the  melting  point  of  starting  compositions  are  as  follows:  =740  °C, 

jAsjSej  0(3  andT^'^®  =1095  °C. 

The  melting  effects  are  probably  connected  to  the  melting  of  the  crystallized  solid  solutions 
of  GeSe2.  Melting  temperatures  are  independent  on  the  composition  of  the  samples. 


4.3.  Density  and  microhardness 


The  density  values  of  the  samples  are  in  the  range  4.40  -  4.62  g/cm^.  The  results  are  given  in 
Table  1 .  The  values  increase  with  As2Se3  content  when  z  =  const.  These  results  are  expected  because 
the  density  of  As2Se3  is  bigger  compared  to  these  of  GeSe2  (dGeSe2  “  g/cm^  [7],  <1^52863 

4.8  g/cm^  [8],  dcdTe  =  5.86  g/cm^[9]).  The  density  values  increase  with  CdTe  content  at  a  constant 
value  of  m  since  the  density  of  CdTe  is  bigger  in  respect  to  the  density  values  of  GeSe2  and  As2Se3. 

The  values  obtained  from  microhardness  (HV)  measurements  are  in  the  ranges  85-^125 
kgf/mm^  and  depend  on  the  glassy  compositions  -  Table  1.  An  increase  of  the  microhardness  is 
observed  in  cases  when  As2Se3  content  increases  (m  decreases  and  z  is  constant),  as  well  as  when 
CdTe  content  decreases  (z  -decreases  and  m  is  constant).  This  relation  is  determined  by  the  higher 
microhardness  of  GeSe2  and  As2Se3,  respectively  compared  to  the  microhardness  of  cadmium 
telluride  (HVGgSg2  “^¥^82863  kgf/mm^  [7,10]  and  HVcaie  =  60  kgf/mm^  [7]). 
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4.4.  Thermo-mechanical  characteristics 


According  to  the  free-volume  theory  Sanditov  [11]  proposed  a  follow  equation  for 
microhardness  of  glasses: 


HV=l!l, 

Vh 


(1) 


where  Ej,  is  the  energy  of  micro-void  creation  in  a  volume  Vh.  According  to  Bartenev  [12]  and 
Nemilov  [13]  the  microhardness  is  related  to  the  module  of  elasticity  (E)  and  a  Poison’s  coefficient, 
by  the  relation: 

HV=-1:S:-E 

6(1 +  |t) 

On  the  other  hand  [11]: 

HV 


(2) 


Aa.T,=3(l-2p).l^  ,  (3) 

where  Aa=  otf  -  is  the  variation  of  the  coefficient  of  thermal  expansion  at  Tg  and 

Aa.Tg=0,l  (4) 

The  equation  (4)  is  given  by  Simh-Boyer  and  it  is  valid  for  the  glasses  possessing  equal  values  of 
Poison’s  coefficients.  Combining  the  equations  (2)  and  (3)  we  can  write  the  relation: 


Aa.Tg= 


2(1 +  ^1) 


According  to  Bartenev  and  co-authors  [15]: 

Aa.Tg=  fg  In 


vfgy 


(5) 


(6) 


Thus  at  T=Tg  the  partition  of  fluctuationa)  free  volume,  fg,  depends  also  on  the  Poison’s  coefficient 
fg=f(p)' 


HV= 


where  k  is  the  Boltzmann*s  constant  and  g=ln 


iix 

VhJ^' 

N 

1 


(7) 


—  .  It  is  logical  to  expect  existing  the  correlation 

vfg/ 

between  HV  and  Tg  values  for  the  glasses  from  one  and  the  same  type  which  possess  VhSconst  and 
g(fg)=const. 

Integration  of  the  equations  (1)  and  (7)  gives  the  relation  of  Tg,  as  well  as  HV,  towards  fg  and 

E,.: 


T„= 


^  1  ^ 


,gk 


Eh. 


(8) 


y 


From  the  equations’  systems  (4)  and  (5),  and  (4)  and  (6)  we  can  determine  p=0.25  and  fg=0.028 
(g=3.58).  In  order  to  determine  Vh,  Eh  E  the  relations  (7),  (8)  and  (2)  we  can  be  written  as: 

Vh=3.58  k  i  ;  Eh=3.58  k  Tg ;  E  =  15  HV,  (9) 

Table  2  presents  the  calculated  values  of  Vh,  Eh  ,  E  as  a  function  of  the  glassy  composition 
(m)  and  average  coordination  number  (Z^XjZi,  Xj,  Zj  -  are  the  molar  part  and  coordination  number  of  i‘ 
component  of  the  glass). 
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Table  2.  Thermo-mechanical  characteristics  of  glasses  from  (GeSe2)x(As2Se3)j,(CdTeX  system. 


Composition 

m 

Z 

Vh, 

Ehj 

■ggH 

y 

z 

A' 

kJ/mol 

10 

0.0 

2.60 

155 

125 

17.26 

13.15 

1.88 

HOk 

9 

10 

0.1 

2.58 

120 

17.35 

9.65 

1.80 

63 

27 

10 

0.3 

2.53 

125 

115 

17.44 

8.60 

1.73 

45 

45 

10 

0.5 

2.48 

120 

104 

8.45 

1.56 

27 

63 

10 

■lU 

2.43 

120 

96 

8.45 

1.44 

9 

81 

10 

2.38 

120 

89 

8.45 

1.34 

II—: 

90 

10 

1.0 

2.36 

130 

85 

23.89 

8.75 

1.28 

The  graphical  presentation  of  Vh(Z),  Eh(Z)  and  E(Z)  shows  a  kink  at  Z  =  2.53  which 
corresponds  to  a  composition  (GeSe2)63(As2Se3)27(CdTe)io  (more  gradual  changes  in  V|,  and  E  are 
observed  when  Z>2.53  while  Eh  increases  significantly)  —  Fig.  2. 


The  trend  of  the  Vh  curve  could  be  explained  by  the  cross-linking  process  of  the  glassy 
structure  and  saturation  in  the  glassy  network  with  bonds  of  tethraedrical  GeSe4/2  units.  The  further 
increase  in  GeSe2  content  is  not  related  to  a  variation  in  the  minimal  sizes  of  micro-voids.  The 
structure  corresponds  to  an  optimal  energy  of  interatomic  forces  and  system  equilibrium.  The 
deviation  from  these  conditions  is  connected  with  a  structure  resistance  and  increase  of  energy  values 
necessary  for  free  volumes  densification.  In  this  reason  the  negligible  decreasing  in  Vh  at  Z>2.53 
corresponds  to  a  quite  increasing  in  values  of  necessary  energy  for  micro-voids  formation  -  Fig.  2. 
The  values  of  elastic  module  presented  in  Fig.  2  show  dependence  similar  to  those  of  microhardness 
which  is  predictable  result  from  eq.  9. 

4.  Conclusions 

New  chalcogenide  glasses  from  the  systems  GeSe2-As2Se3-Sb2Se3-CdTe  are  synthesized.  The 
basic  physico-chemical  characteristics  of  the  glasses  are  investigated  -  density,  microhardness  and 
temperatures  of  transformation,  crystallization  and  melting.  A  compositional  dependence  of  these 
properties  is  shown.  A  correlation  between  glassy  structure  and  thermo-mechanical  properties  is 
proposed  based  on  the  structure  deviations  at  Z=2.53.  The  relation  is  connected  with  saturation  of  the 
glassy  network. 
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X-ray  excited  luminescence  and  X-ray  irradiation  (10-3240  Gy)  effect  on  the  optical  absorp¬ 
tion  spectra  of  CdSi.^Se;^  nanocrystals  in  borosilicate  matrix  are  studied.  The  parameters  of  the 
luminescence  bands  are  analyzed  with  the  account  of  the  luminescence  of  the  host  matrix  it¬ 
self  The  observed  smearing  of  quantum-size-related  maxima  and  absorption  edge  blue  shift 
with  the  irradiation  dose  increase  are  related  to  the  X-ray  ionization  of  the  nanociystals  with 
charge-carrier  transfer  between  the  nanocrystals  and  the  host  matrix.  The  radiation-induced 
changes  completely  vanish  at  post-irradiation  annealing  to  575  K. 
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1.  Introduction 

CdSi,;cSejc  nanocrystals  (quantum  dots)  embedded  in  glass  matrices  are  extensively  studied  in 
the  recent  years  by  optical  techniques,  providing  important  information  on  the  nanocrystal  parame¬ 
ters.  Optical  absorption,  Raman  scattering  and  photoluminescence  (PL)  enable  one  to  derive  the  na¬ 
nocrystal  composition,  size  and  energy  parameters,  complementing  the  methods  of  electron 
microscopic  studies,  small-angle  X-ray  scattering  and  Auger  spectroscopy  [1-5].  PL  spectra  are 
known  to  be  essentially  dependent  on  the  excitation  energy  and  power  [1,  6-8],  hence  it  seems  inter¬ 
esting  to  investigate  X-ray  excited  luminescence  (XL)  as  well.  The  luminescent  properties  of  the 
glass  matrix  itself  should  be  also  taken  into  account  at  the  analysis  of  the  observed  spectra  of  the 
glass-embedded  nanocrystals. 

Only  a  few  studies  devoted  to  the  variation  of  quantum  dot  parameters  under  irradiation  with 
X-rays  [9,  10]  and  high-energy  electrons  [11]  are  reported.  It  should  be  noted  that  X-ray  irradiation 
effects  have  been  discussed  only  for  CdS  quantum  dots  in  the  interband  absorption  range,  no  detailed 
dose  dependences  being  shown,  especially  for  the  spectral  range  where  specific  quantum-size  effects 
in  the  absorption  spectra  are  revealed. 

Here  we  report  the  results  of  XL  spectroscopic  studies  as  well  as  the  influence  of  X-ray 
irradiation  upon  the  optical  absorption  spectra  of  CdSi.j^Scjc  nanocrystals  embedded  in  borosilicate 
glass  matrix. 

2.  Experimental 

CdSuxSOx  quantum  dots  were  embedded  in  a  matrix  of  Si02-B203-Zn(>-K20-Na20  glass  by 
conventional  solid-state  precipitation  technique  generally  similar  to  those  described  in  [3,  12,  13]. 
About  5x5  mm^  plates  with  the  thickness  down  to  0.13  mm  were  prepared  for  optical  measurements. 

X-ray  irradiation  and  X-ray  luminescence  excitation  was  provided  by  a  molybdenum  anti¬ 
cathode  tube  (40  kV,  20  mA)  with  the  irradiation  dose  rate  of  0.15  Gy/s  what  enabled  us  to  achieve 
the  inadiation  dose  JD  up  to  3240  Gy,  its  value  was  determined  by  LiF  thermoluminescent  gauges. 
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Tlie  interval  between  the  irradiation  and  the  beginning  of  the  measurement  procedure  was  1  h. 
Optical  absorption  measurements  were  performed  at  room  temperature  on  a  LOMO  MDR-23 
monochromator  with  FEU-1 00  and  FEU-62  phototubes  in  the  range  300—800  nm. 

3.  Results  and  discussion 

XL  spectra  of  CdSi.jSe^  nanocrystals  in  the  glass  matrix  are  shown  in  Fig.  1 .  The  XL  of  the 
borosilicate  glass  matrix  itself,  measured  separately,  is  presented  by  the  dashed  curve.  The  band, 
centered  at  470  nm  (2.64  eV)  is  related  to  intrinsic  and  radiation-induced  centres  in  glass.  Note  that  a 
similar  luminescence  band  is  observed  in  glassy  Si02  under  X-ray  excitation  [14]  and  in  alkali 
borosilicate  glasses  under  N2-laser  excitation  [15].  Having  subtracted  the  host  matrix  contribution 
from  the  experimentally  measured  spectra  of  the  glass-embedded  nanociystals,  we  obtained  the 
spectra,  shown  by  solid  curves,  whose  simulation  by  elementary  Gaussian  contours  (dotted  curves) 
provided  the  energy  position  and  halfwidth  values  of  CdS|.i:Sej:  nanocrystal  XL  bands.  Thus,  in  the 
XL  spectra  the  bands  centered  at  2.04  and  2.36  eV  with  the  halfwidths  0.35  and  0.54  eV,  respectively 
(for  CdSo.4Seo.6),  and  at  1.92  and  2.21  eV  with  the  halfwidths  0.30  and  0.38  eV,  respectively  (for 
CdSo,22Seo.78),  have  been  detected. 


Fig.  1.  X-ray  excited  luminescence  spectra  of  CdSo,4Seo.6  (a)  and  CdSo,22Seo.78  (b)  nanocrystals 
embedded  in  alkali  zinc  borosilicate  glass  matrix;  dashed  curves  -  XL  of  the  host  matrix  itself; 
solid  curves  -  the  experimentally  measured  spectra  of  the  samples  after  subtiaction  of  the 
matrix  luminescence;  dotted  curves  -  simulation  of  the  nanocrystals  spectra  by  Gaussian 

contours. 

It  should  be  noted  that  the  composition  of  CdSi-^Se^  nanocrystals  in  the  glass  matrix  was  de¬ 
termined  from  the  measured  Raman  scattering  spectra  (room  temperature,  488.0-nm  laser  excitation, 
LOMO  DFS-24  double  grating  monochromator).  Since  CdSi.;tSe;t  mixed  crystals  are  characterized  by 
the  two-mode  type  of  phonon  spectrum  compositional  transformation,  having  compared  the  observed 
CdS-related  (285  and  275  cm'')  and  CdSe-related  (200  and  208  cm'')  LO  phonon  frequencies  with  the 
known  results  for  CdSi.vSe^  nanocrystals  in  a  broad  compositional  range  [16-18],  we  obtained  for  the 
samples  under  investigation  the  values  of  x=0.6  and  0.78,  respectively. 

The  effect  of  X-ray  irradiation  on  the  optical  absorption  spectra  of  CdSi.^Se^  nanocrystals  in 
borosilicate  glass  matrix  is  shown  in  Fig.  2.  The  additional  singularities  revealed  in  the  non-irradiated 
samples  spectra  (solid  curves  in  Fig.  2,  a,  b)  are  known  to  arise  due  to  charge-carrier  confinement  in 
case  the  semiconductor  nanocrystal  characteristic  size  not  exceeding  the  exciton  Bohr  radius  [1].  This 
has  enabled  us  to  derive,  based  on  [5],  from  the  experimentally  observed  spectra  the  average  radius  r 
=  2.76  nm  and  3.08  nm  for  CdSo.^Seoe  and  CdSo 22860.78 nanocrystals,  respectively. 

In  CdSo.4Seo.6  nanocrystals  the  confinement-related  absorption  maxima  are  observed  at  X-ray 
irradiation  with  the  dose  D  up  to  135  Gy  (Fig.  2,  a).  With  the  further  increase  of  the  irradiation  dose 
they  smear  and  vanish.  At  Z)>540  Gy  the  absorption  edge  is  smooth  and  gradually  shifts  towards 
higher  energies  with  the  irradiation  dose  increase  (See  Fig.  2,  a). 
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Fig.  2.  X-ray  irradiation  effect  on  the  optical  absorption  spectra  of  CdSo.4Seo,6(a)  and 
CdSo,22Seo.7g  (b)  nanocrystals  embedded  in  alkali  zinc  borosilicate  glass  matrix. 


As  seen  from  Fig.  2,  b,  in  CdSo.22Seo.78  nanocrystals  the  X-ray  irradiation  effect  is  also  re¬ 
vealed  in  the  quantum-size  absorption  maxima  smearing.  However,  this  applies  mostly  for  the  first 
(lowest-energy)  and  second  maxima,  though  these  two  features  do  not  vanish  completely  even  at  the 
highest  achieved  irradiation  dose  values  (2700  Gy).  Besides,  the  second  maximum,  whose  energy  po¬ 
sition  (2.28  eV)  remains  unchanged  at  D<270  Gy,  smears  almost  completely  with  the  further  in¬ 
crease  of  the  irradiation  dose,  and  at  D>1080  Gy  arises  again  at  2.20  eV.  The  energy  of  the  first 
quantum-size  maximum  also  shifts  downward,  though  much  less.  Meanwhile,  the  higher-order  fea¬ 
tures  in  the  absorption  spectrum  remain  unchanged  even  at  2700  Gy.  The  dependence  of  the  energy 
positions  of  the  quantum-size  maxima  on  the  X-ray  irradiation  dose  is  illustrated  by  Fig.  3. 


D  (Gy) 

Fig.  3.  Dependence  of  the  energy  positions  of 
the  confinement  -  related  maxima  in  the  optical 
absorption  spectra  of  CdSo. 22860.78  nanocrystals 
on  the  X-ray  irradiation  dose. 


Fig.  4.  X-ray  irradiation  effect  on  the  optical 
absorption  spectra  of  alkali  zinc  borosilicate 
glass  matrix. 


The  effect  of  X-ray  irradiation  on  the  absorption  spectra  of  alkali  zinc  borosilicate  glass  ma¬ 
trix  itself  is  shown  in  Fig.  4.  The  broad  irradiation-induced  absorption  increment  can  be  simulated  by 
a  superimposement  of  three  Gaussian  contours  centered  at  1.75,  3.04  and  4.29  eV.  Such  bands  are 
known  to  appear  in  silicate  glasses  under  UV,  X-ray,  y-  and  electron  irradiation  and  are  attributed  to 
colour  centres  in  glass  [19-21]. 

It  should  be  noted  that  in  X-ray  irradiated  CdSj.^Se^:  quantum  dots  in  the  borosilicate  glass 
matrix  the  irradiation-induced  blue  shift  of  the  absorption  edge  whas  observed  to  decrease  slightly 
after  storage  at  room  temperature.  In  particular,  as  seen  from  Fig.  5,  for  the  most  heavily  irradiated 
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(3240  Gy)  CdSo.4Seo.6  sample  the  absorption  edge  position  shifts  by  0.045  eV  after  six-day  (150  h) 
storage,  the  major  part  of  this  value  arising  from  the  first  24  h.  Note  that  further  storage  during  1000 
h  results  in  no  changes  in  the  absorption  spectrum.  Such  effect  can  be  attributed  to  the  post- 
irradiational  relaxation  which  is  generally  typical  for  dielectric  glass  matices  [22]. 


Fig.  5.  Post-irradiation  storage  effect  on  the  optical  absorption  spectrum  of  3240-Gy  X-ray 
irradiated  CdSo.4Seo,6  nanocrystals  embedded  in  alkali  zinc  borosilicate  glass  matrix. 


Fig.  6.  Isochronal  (20  min)  annealing  effect  on  the  optical  absorption  spectra  of  CdSo.4Seo.6 
(a)  and  CdSo.22Seo,7g  (b)  nanocrystals  after  X-ray  irradiation  with  3240  Gy  (a)  and  270  Gy  (b). 


The  samples  of  CdSo.22Seo,78  and  CdSo.4Seo,6  nanociystals,  irradiated  with  270  and  3240  Gy, 
respectively,  were  chosen  for  isochronal  (20  min)  annealing  studies,  performed  after  durable  storage 
of  the  irradiated  samples.  The  initial  absorption  spectra  of  CdSj.^Sex  quantum  dots  were  observed  to 
recover  gradually  in  the  temperature  range  375-575  K.  For  CdSo,4Seo,6  the  increase  of  the  annealing 
temperature  first  leads  to  the  reverse,  red  shift  of  the  absorption  edge,  and  at  71,  >  500  K  the 
quantum-size-related  features  gradually  begin  to  reveal.  After  annealing  to  575  K  the  initial  spectrum 
shape  is  restored  (See  Fig.  6,  a),  though  for  CdSo.22Seo.78  nanocrystals  the  structure  of  the  lowest- 
energy  conflnemen-related  features  is  not  restored  completely  even  at  -  643  K  (Fig.  6).  Note  that 
the  irradiation-induced  absorption  increment  in  the  glass  matrix  itself  is  also  annealed  within  the 
range  of  375-575  K. 

Generally,  several  factors  can  be  responsible  for  the  observed  behaviour  of  CdSi..tSex  nano¬ 
crystals  absorption  spectra  under  X-ray  irradiation  and  annealing.  The  gradual  smearing  of  the  size- 
quantum  features,  observed  for  both  samples,  can  be  attributed  to  the  X-ray  induced  ionization  of  the 
quantum  dots  due  to  electron  (hole)  transfer  between  the  nanocrystals  and  irradiation-activated  elec¬ 
tron  (hole)  traps  in  the  host  matrix.  With  the  increase  of  the  irradiation  dose  the  transferred  charge- 
carriers  occupy  the  confinement-related  levels  in  the  nanocrystals,  gradually  disabling  the  lower- 
energy  transitions.  Therefore,  in  CdSo.22Seo78  quantum  dots  the  irradiation-induced  changes  affect 
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only  the  lower-energy  features.  In  the  case  of  CdSo4Seo,6  nanocrystals  the  discussed  effect  results  in 
the  observed  blue  shift  of  the  absorption  edge. 

Note  that  a  similar  effect  (the  blue  shift  of  the  absorption  edge)  was  observed  in  CdS  nano¬ 
crystals  under  X-ray  irradiation  [9]  and  CdSe  quantum  dots  under  intense  light  irradiation  [23], 
though  the  transformation  of  the  quantum-size-related  maxima  is  not  reported  in  any  of  the  quoted 
references.  In  both  cases  the  blue  shift  is  explained  by  photoionization  of  the  quantum  dots,  the  pho¬ 
toelectrons  leaving  the  microciystals  and  being  captured  by  the  traps  in  the  glass  [9,  23].  However, 
one  should  note  that,  as  follows  from  the  results  of  photoluminescence  and  ESR  studies  of  X-ray  ir¬ 
radiated  CdS  quantum  dots  in  borosilicate  glass,  the  X-ray  induced  defects  in  the  quantum  dots  differ 
from  the  photoinduced  defects  [10]. 

However,  there  are  at  least  two  more  possible  explanations  for  the  absorption  edge  blue  shift 
in  the  irradiated  CdSi.xSe*  nanociystals.  At  normal  conditions,  CdSi.xSe^  quantum  dots  in  borosilicate 
glass  matrix  already  sustain  hydrostatic  pressure  from  the  matrix  which  is  caused  by  the  difference  in 
the  values  of  thermal  expansion  coefficients  for  the  matrix  and  CdSi.^Se;^  [5,  6],  X-ray  irradiation  can 
result  in  the  additional  hydrostatic  pressure  upon  the  nanocrystals  due  to  the  known  phenomenon  of 
radiation  swelling  of  the  glass  matrix  [24].  However,  since  the  pressure-induced  energy  gap  shift 
dEgIdp  values  for  CdSo.22Seo.78  and  CdSo4Seo.6  nanocrystals  embedded  in  the  borosilicate  glass  are 
rather  close,  as  follows  from  our  measurements  [25],  and  no  blue  shift  is  observed  in  X-ray  irradiated 
CdSo.22Seo,78  samples,  one  may  conclude  that  the  role  of  additional  hydrostatic  pressure  in  this  case  is 
negligible. 

It  should  be  also  noted  that,  since  the  host  borosilicate  matrix  in  our  case  contains  a  consider¬ 
able  (13  mass  %)  amount  of  ZnO,  the  blue  shift  of  the  absorption  edge  can  also  be  related  to  the  in¬ 
corporation  of  zinc  into  the  quantum  dots  where  it  can  substitute  Cd,  forming  quaternary 
Cdi.;Z%S|..»Se;(  mixed  nanocrystals.  Such  possibilities  are  reported  to  occur  at  thermal  annealing  of 
CdS|.;tSe.,  quantum  dots  in  Zn-containing  silicate  glass  matrix  [3,  26,  27].  However,  the  completely 
reversible  character  of  the  absorption  spectrum  variation  observed  at  the  post-irradiation  annealing 
excludes  the  possibility  of  X-ray  induced  Zn  diffusion  from  the  glass  to  CdSi-;cSe.x  quantum  dots.  Note 
that  the  isochronal  annealing  temperature  in  our  case  (below  600  K)  is  much  lower  than  the 
temperatures  at  which  zinc  diffusion  into  the  nanocrystals  is  reported  (7;>850  K  [26,  27]). 

4.  Conclusions 

XL  spectra  of  CdS|..*Sej^  nanocrystals  embedded  in  a  borosilicate  matrix  were  measured,  the 
XL  band  parameters  being  analyzed  with  the  account  of  the  luminescence  of  the  host  matrix  itself 

X-ray  irradiation  is  shown  to  result  in  the  smearing  of  the  quantum-size-related  maxima  in 
the  absorption  spectra  of  CdS i.^Se.,^  quantum  dots  and  subsequent  absorption  edge  blue  shift.  The  ini¬ 
tial  spectrum  of  the  samples  is  completely  restored  at  annealing  in  the  temperature  range  375-575  K. 
The  observed  transformation  of  the  quantum-size-related  features  in  the  optical  absorption  spectra  of 
CdSi.jSe^r  quantum  dots  under  X-ray  irradiation  can  be  attributed  to  the  ionization  of  the  nanocrystals 
with  charge-carrier  transfer  between  the  quantum  dots  and  the  electron  (hole)  traps  in  the  host  matrix. 
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The  effect  of  hydrostatic  pressure  on  the  optical  absorption  spectra  of  CdSi.^tSe^  nanocrystals 
embedded  in  borosilicate  glass  matrix  is  studied.  The  energy  gap  pressure  coefficients  and 
compressibility  values  for  CdSo4Seo.6  (average  size  2.76  nm)  and  CdSo,22Seo.78  (3.08  nm) 
samples  are  obtained.  The  effect  of  the  glass  matrix  pressure  upon  the  nanocrystals  is 
discussed. 
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1.  Introduction 

CdSi.jSe;t  nanocrystals  (quantum  dots)  are  of  extensive  scientific  interest  in  view  of  wide 
possible  applications  as  well  as  due  to  quantum-size  effects  arising  from  the  spatial  confinement  of 
charge  carriers  [1-4].  A  special  attention  is  paid  to  the  hydrostatic  pressure  effect  on  the  optical 
properties  of  the  nanocrystals,  whose  investigations  enable  the  nanocrystal  parameter  behaviour 
versus  pressure  to  be  traced.  Such  studies  were  carried  out  for  CdSe  [5-10]  and  CdS  [8,  11-14] 
quantum  dots,  both  capped  [5-11]  and  embedded  in  borosilicate  [8,  12]  and  germania  [13,  14]  glass 
matrices.  The  performed  experiments  enabled  not  only  the  values  of  pressure  variation  coefficients 
for  energy  parameters  to  be  determined,  but  also  the  phase  transitions  in  nanociystals  from  hexagonal 
to  cubic  phase  to  be  reached,  the  transition  pressure  values  being  estimated  from  the  Raman  meas¬ 
urements  [5-9,  11-14].  Much  less  investigated  are  pressure  effects  for  mixed  CdSi.jSe^  nanocrystals 
[8,11,15]. 

Here  we  report  the  influence  of  hydrostatic  pressure  on  CdSi-^tSe^  nanocrystals  embedded  in 
borosilicate  glass  matrix  studied  by  optical  absorption  spectroscopy. 

2.  Experimental 

CdSi.,Se^  quantum  dots  were  embedded  in  a  matrix  of  Si02-B203-Zn0-K20-Na20  glass  by 
conventional  solid-state  precipitation  technique  generally  similar  to  that  described  in  [4].  About  5x5 
mm^  plates  with  the  thickness  down  to  0.13  mm  were  prepared  for  optical  measurements. 

The  spectra  were  measured  in  a  three-window  optical  pressure  cell,  benzene  being  used  as  a 
pressure  medium.  The  pressure  was  varied  in  the  range  from  0  to  0.4  GPa  in  increasing  and  decreas¬ 
ing  mode.  A  LOMO  MDR-2  monochromator  with  a  FEU-106  phototube  was  used. 

Low-temperature  absorption  measurements  at  normal  pressure  were  carried  out  on  a  LOMO 
MDR-23  monochromator  with  a  UTREX  ciyostat. 

3.  Results  and  discussion 

The  optical  absorption  spectra  of  CdSi.^Se*  nanociystals  in  the  glass  matrix  at  different  hy¬ 
drostatic  pressure  and  temperature  values  are  shown  in  Figs.  1,  2.  The  composition  of  the  nanocrys¬ 
tals  was  determined  from  the  Raman  measurements  of  the  LO  phonon  frequencies,  corresponding  to 
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the  CdS-  and  CdSe-sublattices  of  the  two-mode  solid  solutions  [16],  by  comparing  them  with  the 
known  Raman  results  for  CdSi.^tSe*  nanocrystals  in  a  broad  compositional  range  [17-19].  The  fea¬ 
tures  in  the  absorption  spectra,  related  to  the  quantum-size  effects  (charge-carrier  confinement)  (See 
Fig.  2),  enabled  us  to  determine,  according  to  [20],  the  mean  radius  of  the  nanocrystals  as  2.76  nm 
(x=0.6)  and  3.08  nm  (jc=0.78). 


Fig.  1.  Hydrostatic  pressure  effect  on  the  optical  absorption  spectra  of  CdSo4Seo,6  (a)  and 
CdSo  22Seo.78  (b)  nanocrystals  in  borosilicate  glass  matrix.  The  inserts  show  the  dependences 
of  the  energy  gap  Eg“  on  the  pressure  value. 


It  should  be  noted  that  while  scaling  in  Figs.  1,  2  the  absolute  values  of  absorption  coefficient 
a,  we  mean  the  absorbance  of  the  samples  (borosilicate  glass  with  the  quantum  dots  embedded),  not 
of  the  quantum  dots  themselves.  The  actual  absorbance  of  the  microcrystals  should  be  much  higher, 
since  the  effective  thickness  of  the  quantum  dots  themselves  is  considerably  smaller  than  the  sample 
thickness,  taking  into  account  the  concentration  of  CdSi-xSe^  in  the  samples  which  follows  from  the 
content  of  the  relevant  components  in  the  initial  mixture  (about  1  %).  Hence,  the  actual  absorption 
coefficient  of  the  nanocrystals  is  by  about  two  orders  of  magnitude  higher  than  that  of  the  composite, 
displayed  at  the  vertical  axes. 


energy  (eV)  energy  (eV) 

Fig.  2.  Optical  absorption  spectra  of  CdSo^Sco.s  (a)  and  CdSo,22Seo.78  (b)  nanocrystals  in  boro¬ 
silicate  glass  matrix  at  77  and  296  K. 


One  more  point  that  should  be  taken  into  account,  concerns  the  determination  of  the  band  gap 
value  Eg  in  the  nanocrystals.  Generally  it  is  calculated  from  the  experimental  spectra  by  extrapolation 
of  the  a\hv)  plot  for  allowed  direct  optical  transitions.  However,  especially  in  disordered  materials, 
when  the  density-of-states  tails  may  smear  the  shape  of  the  absorption  edge,  while  studying  the  edge 
variation  under  different  factors  often  a  substitutive  parameter  Eg”  is  introduced,  being  determined  as 
the  energy  position  of  the  fixed  absorbance  value  ttf  [21,  22].  Usually  for  bulk  materials  Of  is  taken 
of  the  order  of  10^-10^  cm"'.  In  our  case,  due  to  the  above  discussed  difference  in  the  absorbance  of 
the  samples  and  the  actual  absorbance  of  the  nanociystals,  we  have  chosen  for  defining  Eg“  the  value 
Of  =  25  cm"',  what  corresponds  to  the  middle  of  the  edge  part  of  the  spectra. 
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The  increase  of  pressure  is  observed  to  result  in  a  blue  shift  of  the  optical  absorption  edge  of 
the  nanoctystals.  This  is  illustrated  by  Fig.  1  where  only  the  edge  part  of  the  spectra  is  shown.  In  the 
investigated  pressure  range  the  absorption  edge  shift  is  linear  (as  seen  from  the  insert  in  Fig.  1)  and 
equals  to  0.041  eV/GPa  for  CdSo.4Seo6  and  0.039  eV/GPa  for  CdSo,22Seo.78  samples.  These  results  are 
consistent  with  the  band  gap  pressure  coefficients  dEJdp  for  CdSi.;(Se^  nanocrystals  measured  by 
other  authors  [5,  8,  10,  14]  which  vary  from  0.027  to  0.061  eV/GPa,  depending  on  the  nanociystal 
size,  composition  and  host  media.  It  should  be  noted  that  dEjdp  values  for  the  bulk  crystals  also  fall 
into  this  interval,  ranging  from  0.033  [23]  to  0.058  [24]  eV/GPa  for  CdS  and  from  0.037-0.040  [23, 
24]  to  0.058  [25]  eV/GPa  for  CdSe. 

The  measurements  were  performed  at  increasing  and  decreasing  pressure,  no  hysteresis  being 
observed  in  the  investigated  pressure  range.  This  indicates  that  CdSi.^Se^  nanoctystals  are  in  direct 
contact  with  the  glass  matrix.  It  should  be  noted  that  at  normal  conditions  CdSi.^^Se^  quantum  dots  in 
borosilicate  glass  already  sustain  hydrostatic  pressure  from  the  host  matrix  caused  by  the  specific 
features  of  their  preparation  [26,  27].  While  being  cooled  from  the  synthesis  temperature  to  the  room 
temperature  the  quantum  dots  are  compressed  by  the  matrix  since  the  value  of  thermal  expansion  co¬ 
efficient  for  the  latter  (Ag=\ .02x\0'^  K’')  considerably  exceeds  those  for  II-VI  semiconductors.  Then 
the  hydrostatic  pressure  of  the  glass  matrix  Ap  upon  the  nanocrystals  is  given  by  [27] 


Ap  = 


(Ag-A||KT  +  2(A,-A>T 


2S||  +  2Sj2  +  4Sj2  "f  S 


(1) 


'33 


where  Ag  is  thermal  expansion  coefficient  for  the  glass,  A^  and  A±  —  thermal  expansion  coefficients 
for  CdSi-iSe,;,  AT  =  T^-T^  -  the  variation  of  temperature  from  the  synthesis  temperature  to  the 


measurement  temperature  T^,  S,j  {i,j=\,  2, 3)  -  elastic  constants  of  CdSi.;tSe^  lattice.  Note  that  Eq.  (1) 
is  applicable  when  the  pressure  is  supposed  to  be  independent  of  the  nanociystal  size  and  the  nano- 
ciystals  are  large  enough  to  preserve  hexagonal  crystal  structure,  what  in  the  case  of  CdSi.^Se;^  quan¬ 
tum  dots  is  valid  in  case  their  mean  radius  exceeding  1.5-2. 5  nm  [1,  7,  8].  In  this  case  the  values  for 
bulk  semiconductor  materials  can  be  applied,  for  the  case  of  the  mixed  CdSi.;,Se;c  crystals  they  can  be 
obtained  by  interpolation  of  the  corresponding  values  for  pure  CdS  and  CdSe  which  are  listed  in  Ta¬ 
ble  1. 


Table  1 .  Relevant  parameters  of  bulk  CdS  and  CdSe  crystals. 


Parameter 

CdS 

CdSe 

Reference  I 

dEJdp,  eV/GPa 

0.033 

0.058 

0.058 

_ _ 

2.6x10'* 

2.9x10-® 

Aj^K' 

4.6x10'® 

4.9x10-® 

[271 

Sn,  N‘'m^ 

2.069x10'" 

2.338x10'" 

[281 

-1.122x10'" 

[281 

Sn, 

-0.581x10'" 

-0.572x10" 

[281 

S33,N-‘m^ _ 

1.697x10'" 

1.735x10'" 

[281 

dEg/dT,  eV/K 

-4.4x10-® 

-4.6x10-® 

[29] 

-3.8x10-® 

[30] 

-5.5x10-® 

[31] 

- o - T - -  WAV  V^/9  me 

borosilicate  glass  matrix  upon  CdSi.jtSe;^  nanoctystals  for  the  range  of  compositions  under  investiga¬ 
tion  was  calculated  as  ApaQ.55  GPa  [27]. 


Since  the  borosilicate  matrix  pressure  Ap  upon  CdSi.jtSe;^  quantum  dots  depends  on  the  sam¬ 
ple  temperature,  its  temperature  variation  could  be  estimated  from  the  optical  absorption  edge  meas¬ 
urements  at  different  temperatures.  Fig.  2  shows  the  relevant  spectra  at  ambient  atmospheric  pressure 
at  77  and  296  K.  As  seen  from  the  figure,  cooling  of  the  samples  results  in  the  absorption  edge  shift 
by  0.07  eV  for  both  nanociystal  compositions;  note  that  the  features  related  to  the  quantum-size  ef¬ 
fects  also  shift  in  energy  by  the  same  value.  It  should  be  noted  that  both  above  mentioned  methods  of 
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estimating  the  absorption  edge  shift  -  by  a\hv)  plot  extrapolation  and  by  using  a  substitutive  pa¬ 
rameter  corresponding  to  ttf  =  25  cm*',  gave  the  same  value  of  the  temperature-induced  absorp¬ 
tion  edge  shift. 

Since  the  temperature  shift  of  the  absorption  edge  for  CdSj.^Sejt  quantum  dots  in  the  glass 
matrix  results  from  the  combination  of  the  proper  temperature-related  edge  shift  and  the  edge  shift 
due  to  the  temperature-related  increase  of  the  pressure  of  the  host  matrix,  both  of  them  shifting  the 
edge  to  the  higher  energies,  it  could  be  expected,  in  case  the  above  assumption  of  applicability  of  the 
bulk  parameters  for  the  nanocrystals  being  valid,  that  the  corresponding  calculations  would  enable  us 
to  separate  the  contributions  of  these  two  effects  into  the  temperature  shift  of  the  absorption  edge. 
However,  the  experimental  results  have  shown  the  absorption  edge  shift  in  CdSi.;cSe,  nanoctystals  in 
borosilicate  glass  matrix  at  the  temperature  decrease  from  296  to  77  K  (0.07  eV)  to  be  smaller  than 
that  estimated  using  the  interpolated  values  for  the  bulk  crystals  (0.09-0.12  eV)  even  without  the  ac¬ 
count  of  the  host  matrix  pressure  variation.  Hence,  the  values  of  the  relevant  parameters  (dE^dT, 
dE^dP)  for  the  bulk  crystals  cannot  be  applied  for  quantitative  estimation  of  temperature  and  pres¬ 
sure  effects  of  semiconductor  nanociystals,  since  in  the  latter  confinement-related  changes  in  elec¬ 
tron-phonon  coupling  may  occur  as  well  as  surface-(interface-)  related  effects  can  be  revealed  much 
stronger  due  to  much  higher  surface-to-volume  ratio  what  is  manifested  as  the  decrease  of  phonon 
frequencies  in  Raman  spectra  of  CdSi.^Sejc  nanocrystals  [18,  19]. 

The  energy  gap  temperature  variation  at  constant  pressure  can  be  described  as  [32] 


dT 


dT 


3A 


ill 

dp 


(2) 


where  A  is  the  volume  thermal  expansion  coefficient  and  p  is  compressibility.  The  first  term  in  this 
expression  corresponds  to  the  contribution  of  electron-phonon  coupling  into  the  energy  gap  variation, 
and  the  second  one  -  to  the  gap  variation  due  to  the  crystal  volume  change.  The  performed  experi¬ 
ments  enabled  us  to  obtain  compressibility  values  1.73x10“"  Pa“'  and  1.8x10""  Pa"'  for  CdSo.4Seo,6 
and  CdSo22Seo,7g  nanocrystals,  respectively.  Hence,  from  Eq.  (2)  the  contribution  of  the  electron- 
phonon  coupling  was  about  4x10"'  eV/K  for  both  samples  while  the  gap  variation  due  to  the  nano¬ 
crystal  volume  size  was  about  8.5x  10"*  eV/K. 

We  have  studied  the  effect  of  hydrostatic  pressure  on  the  optical  absorption  spectra  for  the 
sample  of  CdSo.4Seo.6  nanocrystals  in  the  borosilicate  glass  matrix  subjected  to  annealing  at  925  K 
during  6  h,  which  was  performed  in  order  to  increase  the  nanocrystal  size  in  the  matrix.  The  meas¬ 
urements  have  shown  the  pressure  variation  of  the  optical  gap  to  decrease  (dE/dP  =  0.03  eV/GPa) 
with  respect  to  the  initial  value.  Hence,  while  describing  the  effects  of  external  factors  on  CdSi.jcSe;^ 
quantum  dots  in  glass  matrices,  the  correct  account  of  the  nanocrystal  size  and  composition  should  be 
carried  out  instead  of  using  the  relevant  parameters  for  the  bulk  crystals. 


4.  Conclusions 

The  performed  optical  studies  of  influence  of  hydrostatic  pressure  effect  on  the  absorption 
edge  of  CdSi.^Se^  quantum  dots  has  enabled  us  to  obtain  the  energy  gap  pressure  coefficients 
dE/dP^0.04]  eV/GPa  for  CdSo.4Seo.6  (r=2.76  nm)  and  0.039  eV/GPa  for  CdSo,22Seo.78  (r=3.08  nm) 
samples  which  agree  well  with  the  corresponding  values  for  bulk  and  nanocrystalline  CdS  and  CdSe. 

The  investigation  of  hydrostatic  pressure  and  temperature  effect  on  the  optical  spectra  of 
CdSi.;cSej(  nanocrystals  in  borosilicate  glass  matrix  has  shown  that  the  correct  description  of  the  ob¬ 
served  effects  requires  the  dependence  of  the  corresponding  parameters  on  the  nanocrystal  size  and 
composition  to  be  taken  into  account. 
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The  luminescence  spectra  of  some  Cdi.xMnxS  nanocrystals  have  been  measured  at 

room  and  liquid  nitrogen  temperature.  The  Mn^^  ions  give  rise  to  a  broad  emission 

band  centered  at  about  580  nm,  between  the  emission  bands  of  CdS  host. 
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1.  Introduction 

Optical  properties  of  the  nanocrystaline  semiconductors  were  extensively  studied  in  the  last 
years.  Due  to  the  quantum  confinement,  the  large  surface/volume  ratio  and  the  high  density  of  the 
surface  states,  these  materials  differ  from  the  bulk  crystals.  Most 

studies  were  performed  on  the  pure  semiconductors  [1-5].  To  improve  emission  activity  have  been 
performed  researches  on  the  doped  nanocrystaline  semiconductors  like  ZnS:  Mn  [6-8]  or  CdS:Mn  [9- 
11].  The  d-electronic  states  of  the  Mn^^  ions  act  as  the  luminescence  centers  emitting  in  the  green  part 
of  the  visible  spectrum;  the  efficiency  increases  by  energy  transfer  from  s-p  states  of  the  host 
nanocrystal.  On  the  other  side,  recent  studies  [7,8]  showed  that  the  emission  intensity  increases  as  a 
result  of  surface  modification,  which  appears  when  the  nanocrystals  are  imbedded  in  an  acrylic 
polymer. 

In  our  paper  we  report  some  results  of  the  study  concerning  the  influence  of  Mn^'^ion  and 
poly(p-aminobenzoic  acid)  (PABA)  matrix  on  the  optical  properties  of 
Cdi.xMnxS  nanocrystals. 

2.  Synthesis 

Cdi.xMnxS  nanoparticles  were  prepared  at  room  temperature  by  H2S  bubbling  into  H2O/THF 
(tetrahydrofuran)  (1:4  vol.)  solution  containing  CdC^  and  MnCU  in  different  molare  ratios;  the 
concentration  of  the  cations,  [Cd^^]  +  [Mn^*]  was  kept  at  10'^  M.  The  pH  of  the  solution  before 
treatment  with  hydrogen  sulfide  was  8.5.  Sodium  thioglycollate  (lO'^M),  as  stabilizing  agent  was 
added  in  this  solution.  The  precipitated  nanoparticles  were  maintained  in  this  medium  during  48  h  and 
then  separated.  To  obtain  a  composite  film  PABA/Cdo,95Mn[)05S  the  nanocrystals  were  redispersed 
into  H2O/IOT  (9:10  vol.)  and  were  mixed  with  PABA;  tiie  polymer  was  prepared  using  the  procedure 
described  in  [12].  For  optical  measurements  the  Cdi.xMnxS  nanoparticles  and  the  composite  were 
deposited  on  the  quartz  glass  substrate.  The  Cdo.95Mno,o5S  particles  dimension  was  estimated  to  be  ~10 
nm  from  the  micrograph  (Fig.l)  obtained  with  a  Philips  EM  301  electron  microscope. 

3.  Results  and  Discussion 

Fig.  2  shows  the  absorption  spectra  at  room  temperature  (RT)  for  Cdo.gsMno.osS  (a), 
Cdo.75Mno.25S  (b)  and  PABA/Cdo.osMno.osS  composite  film  (c).  Curves  (a)  and  (b)  show  a  main  peak 
due  to  CdS,  near  400  nm  and  several  weak  superimposed  structures  (Table  1)  which  can  be  attributed 
to  Mr''  ions,  according  to  literature  data  [13-15];  the  405  and  414  nm  absorption  peaks  are  due  to 
transitions  of  excited  CdS  states  [3] .  Curve  (c)  doesn't  show  these  absorption  peaks;  a  nanoparticles' 
agglomeration  process  can  be  produced  in  composite  sample.  The  assignments  of  the  Mn^'^  transitions 
given  in  Table  1  are  in  agreement  with  literature  data  [13-1 5]. 
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Fig.  1.  Transmission  electron  micrograph 
of  Cdo.95Mno.05S  nanoparticles. 
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Fig.  2.  Absorption  spectra  of  Cdo.95Mno  05S, 
Cdo.75Mno.25S  nanoparticles  and  PABA/ 
Cdo.95Mno,o5S  composite  film,  at  RT. 


Table  1.  The  Mn^"*^  absorption  and  photoluminescence  excitation  (PLE)  maxima  for  Cd^xMn^S 

nanoparticles. 


'Afi  — ► 

''T,(^G) 

"Tjf^G) 

'E,''A,('G) 

^T2('‘P) 

^Ef^P) 

'T7('D) 

Cdo.6Mno.4S, 
crystal  [131 

510 

480 

445 

- 

*■ 

crystal  [141 

531 

498 

466 

429 

389 

“ 

Zno.94Mno,6S’'‘, 

film  1151 

550 

500 

465 

430 

380 

Cdo.95Mno.O5S, 
our  results 

Abs.  (Fig.2) 
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The  photoluminescence  (PL)  spectra  were  registered  at  RT  and  liquid  nitrogen  temperature 
(LNT)  using  the  exciting  light  from  an  Ar^  laser  (^==457.9  nm)  and  a  SPEX  double  monochromator 
with  EMI  9658  A  photomultiplier.  The  geometry  was  90°  and  the  registration  by  photon  counting. 
Table  2  presents  the  positions  of  the  maxima  and  their  intensities  observed  on  the  PL  spectra  (Fig.3). 
Assuming  that  the  emission  spectrum  is  composed  by  three  Gaussian  curves,  the  maximum  centered 
at  510  nm  at  LNT  is  attributed  to  CdS  band  to  band  transition  [1].  The  red  luminescence  (652-673 
nm)  is  due  to  CdS  defect  states.  The  emission  maximum  (576-596  nm)  located  between  CdS  bands  is 
attributed  to  the  Mn^*  ions  (''Ti->°Ai  transition),  in  accordance  with  [9-1 1]. 

The  relative  efficiency  of  manganese  PL  increases  as  far  as  temperature  and  Mn  concentration 
decreases  (Table  2). 

Table  2.  PL  intensity  (I)  and  peak  position  (X,  nm)  of  the  Cdo.95Mno.05S  (a),  Cdo.75Mno.25S  (b) 
nanoparticles  and  PABA/  Cdo.95Mnoo5S  composite  film(c),  obtained  by  deconvoluting  the  PL 


spectra. 
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Fig.  3.  Photoluminescence  spectra  of  Cdo  ^Mno  osS  (a, a'),  Cdo,75Mno.25S  (b,b')  nanoparticles 
and  PABA/  Cdo.95Mno,o5S  (c,c')  composite  film,  at  RT  and  LNT. 


Fig.  4.  Photoluminescence  excitation  spectra  of  Cdo  ^Mno  05S  nanoparticles  in  the  570  nm 
(curve  a)and  750  nm  (curve  b)  spectral  region,  at  RT. 

TTk  photoluminescence  excitation  (PLE)  spectra  (Fig.  4)  were  obtained  in  the  320-550  nm 
range,  using  a  SPM-2  monochromator  with  tungsten  lamp  and  EMI  6558  QB  photomultiplier.  The 
sample  was  irradiated  in  the  45®  geometry  arrangement  using  a  cut  filter  and  interferential  filters, 
which  permit  detection  at  the  570  nm  and  750  nm.  The  data  were  corrected  using  a  BaS04  diffuser  as 
reference. 

One  can  observe  in  the  Fig.  4,  curve  (a)  the  presence  of  several  weak  peaks,  which  are 
attributed  to  the  Mn  ^  absorption  [13-15].  The  supplementary  peaks  from  446,  411,  396  and  388  nm 
can  be  attributed  to  CdS  host  [3].  The  CdS  luminescence  from  510  nm  is  a  result  of  these  absorptions 
and  it  is  superimposed  on  the  ''Ti  Mn^^  absoiption;  an  energy  transfer  from  CdS  host  to 
manganese  emitting  centers  can  be  produced.  The  shape  of  the  curve  (b)  (Fig.  4)  registered  for  the  red 
emission  follows  filter  transmission;  the  presence  of  very  weak  peaks  in  the  400  nm  region  confirms 
that  the  red  emission  is  due  to  some  defects'  states  in  the  gap  of  CdS. 

X-band  EPR  spectra  were  recorded  at  room  temperature  for  Cdi.,MnxS  nanoparticles 
deposited  on  quartz  plate.  In  figure  5  are  shown  broad  EPR  signals  in  three  samples  with  different 
concentrations  of  manganese  ions:  5%,  25%,  respectively  5%  and  dispersed  in  polymer.  Absorption  is 
mainly  observed  in  the  region  of  geff=  2.01.  No  resolved  hyperfine  structure  is  observed.  The 
broadening  of  the  EPR  line  width  increases  with  the  concentration  of  manganese  ions  from  12  mT  (in 
sample  with  5%  Mn)  to  19  mT  (for  25%  Mn).  The  sample  dispersed  in  polymer  has  a  narrower  line 
(11  mT).  We  note  that  these  values  are  much  smaller  than  those  reported  in  [16].  Besides,  the  EPR 
spectra  for  samples  with  low  concentration  of  Mn  ions  are  changing  in  time.  In  figure  5(a)  one  can  see 
such  a  behaviour;  the  spectrum  of  two  distinct  EPR  signals  observed  for  fresh  samples  is  drastically 
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modified  after  six  weeks,  the  sample  being  kept  at  room  temperature.  Such  modifications  are 
associated  with  an  aggregation  process  of  the  Cdi.xMnxS  nanoparticles  deposited  on  quartz  glass 
substrate. 


Magnetic  field  [G] 

Fig.  5.  Room  temperature  EPR  spectra  of  Cdo  ^MnoosS  (a),  Cdo.vjMno 25S  (b)  nanoparticles 
and  PABA/  Cdo,95Mno.o5S  (c)  composite  film. 


4.  Conclusions 

The  absorption  spectra  of  Cdj.xMnxS  particles  show  a  main  absorption  due  to  CdS  host  and 
several  weak  peaks  superimposed  on  it;  some  of  them  are  attributed  to  ions  in  accordance  with 
the  PLE  spectrum  of  the  yellow-green  emission. 

The  PL  spectra  show  three  components  in  the  500-800  nm  spectral  region.  Their  intensities  at 
RT  are  at  the  same  order  of  magnitude. 

Our  results  show  an  energy  transfer  from  CdS  host  to  manganese  dopant. 

EPR  and  emission  spectra  confirm  two  manganese  location;  they  apear  due  to  nonuniform 
distribution  of  Mn^*  ions  inside  nanoparticle. 
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PbS  nanocrystalline  thin  films  were  prepared  by  Chemical  Bath  Deposition  (CBD)  technique. 
A  comparative  study  between  “standard”  and  “nanocrystalline”  PbS  thin  films  was  performed. 
We  denoted  “standard”  the  PbS  film  with  a  good  photosensitivity  for  to  use  as  IR  detector. 
This  film  was  deposited  after  1  hour  from  chemical  bath  containing  reducing  agent  and  Bi 
ions  as  doping  element.  The  “nanocrystalline”  film  was  obtained  at  shorter  reaction  time  (after 
17  minutes)  from  reducing  bath  without  doping  element.  The  other  parameters;  concentration 
of  the  reactants,  pH,  temperature  were  kept  constant  for  the  all  depositions.  The  morphological 
properties  of  the  films  were  detemined  by  SEM  analysis.  Also,  the  electrical  and 
photoelectrical  behaviors  were  investigated  for  the  both  types  of  PbS  films.  The 
“nanocrystalline”  film  had  a  very  high  electrical  resistance  (10'“  -10“t:2/D)  compared  with  the 
“standard”  film  (10^-10*£2/D).  Both  types  of  films  proved  to  be  sensitive  to  the  surrounding 
atmosphere,  air  or  vacuum.  Thermally  Stimulated  Current  (TSC)  measurement  had  shown  the 
presence  of  trap  concentration  in  fte  both  cases,  probably  due  to  the  large  amount  of 
disordered  regions. 

(Received  May  28,  2001;  accepted  June  1 1, 2001) 
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1.  Introduction 

A  variety  of  physical  properties  of  nanoparticles  semiconductors  have  been  reported  in  the 
literature  [1-5].  Many  authors  have  predicted  for  nanoparticle  semiconductors  enhanced  nonliniarities 
resulting  from  quantum  confinement  effects  [6-8].  The  materials  application  that  has  attracted 
considerable  attention  relates  to  nonlinear  optics  9,10].  Most  studied  nanocrystalline  semiconductors 
belong  to  the  II-VI  and  IV-VT  groups  as  they  are  relatively  easy  to  synthesize  and  are  generally 
prepared  as  particles  or  in  thin  film  form.  In  the  last  years,  several  methods  to  synthesize  PbS 
nanoparticles,  semiconductor  from  IV-VI  group,  were  studied  such  as  grown  in  a  glass,  glass-ceramic, 
polymer  matrix  respectively  '  .  PbS  is  a  semiconductor  with  band  gap  about  0.41  eV  at  room 

temperature  and  0.29  eV  at  liquid-N2  temperature.  For  PbS,  the  size  effect  can  be  observed  for  a 
crystallite  as  large  as  180A,  which  contains  over  10*  atoms  [4]. 

Chemical  Bath  Deposition  (CBD)  is  a  very  comfortable  method  for  deposition  polycrystalline 
PbS  thin  films  with  a  good  photoconductive  properties.  By  CBD  method,  the  dimensions  of  the 
crystallites  can  be  varied  controlling  deposition  parameters;  reaction  time,  temperature,  pH,  and 
presence  of  impurities  in  the  solution.  Most  of  the  works  on  nanosize  semiconductor  particles  reported 
so  far  have  been  restricted  to  optical  absorption.  The  absorption  edge  has  been  found  to  be  blue 
shifted  as  the  particle  size  reduced.  Only  o  few  studies  of  electrical  and  photoelectrical  properties  of 
these  kind  of  materials  have  been  presented  in  the  literature. 

This  article  presents  some  comparative  preliminary  results  between  two  types  of  PbS  films 
“standard”  and  “nanocrystalline”,  prepared  by  CBD  method.  The  morphology  of  the  films  was 
investigated  by  scanning  electron  microscopy  (SEM).  Also,  we  have  investigated  the  electrical  and 
photoelectrical  properties  of  the  films. 


2.  Experimental 

Two  sets  of  PbS  samples  were  prepared;  “standard”  and  “nanocrystalline”  thin  films.  The  PbS 
film  deposition  was  performed  on  glass  substrates  by  CBD  method.  The  substrates  were  very 
carefully  cleaned  using  oxidant  mixing  (K2Cr207  :  H2SO4;  1:10),  HNO3,  1%  EDTA  and  successive 
rinsing  with  bidistilled  water.  The  cleaning  state  of  the  substrate  surface  is  very  important  for  the 
quality  of  the  film  formation.  The  substrates  were  introduced  vertically  in  the  chemical  bath. 

The  deposition  bath  contained  an  aqueous  solution,  consisting  of:  Pb(N03)2  0.06M,  thiourea 
SC(NH2)2  0.24M,  NaOH  0.6M  and  reducing  agent  (hydroxylamine  hydrochloride,  NH2OH  HCI 
O.IM).  The  concentration  of  the  reagents,  pH  (12.7)  and  temperature  (24®C)  were  kept  constant  for  all 

depositions.  ,  .  .  .  2+ 

In  the  alkaline  medium,  the  thiourea  decomposed  and  released  S  mns,  which  precipitate  rb 

ions  from  the  solution: 

SC(NH2)2  +  0H'  CH2N2  +  H20+HS- 

HS  +OH'  H20  +  S^’ 

Pb^^  +  S^’  ^  PbS 

Hydroxylamine  hydrochloride  seems  to  accelerate  the  chemical  deposition  reaction  so  that 
acceleration  causes  a  decrease  in  the  size  of  the  crystallites. 

For  “standard”  film  the  precipitation  took  place  in  the  presence  of  Bi  ions  (Bi(N03)2  2.06- 10 
‘‘M).  It  is  known  that  PbS  film  with  a  good  photoconductivity  had  an  average  grain  size  of  300nm 
[14,15].  Optimum  proportion  between  hydroxylamine  hydrochloride  and  Bi  as  doping  element 
allowed  us  to  obtain  quality  films  with  average  grain  size  of  250-300nm.  The  films  prepared  by  above 
mentioned  procedure  had  very  good  photoconductivity  and  can  be  used  in  IR  detection. 

To  impede  the  growth  of  crystallites,  the  “nanocrystalline”  film  was  deposited  without 
doping,  at  shorter  reaction  time  (17  minutes).  Our  previous  studies  shown  that  a  small  amount  of  Bi 
ions  in  the  deposition  bath  lead  to  the  enhance  of  the  grain  size  [16].  This  was  reason  that  in  case  of 
“nanocrystalline”  film  preparation  we  have  eliminated  the  doping  element  from  deposition  bath. 

For  the  electrical  and  photoelectrical  measurements  gold  electrodes  in  a  coplanar 
configuration,  were  evaporated  in  vacuum  on  the  surface  of  the  PbS  for  both  l^pe  of  films.  The 
distance  between  electrodes  was  6  mm.  After  that  the  samples  were  annealed  at  80  C  for  several  (24- 
30)  hours  to  improve  the  sensitivity  of  the  films  and  stabilize  the  parameters. 

The  set-up  presented  in  Fig.l  was  used  to  perform  the  photoconductive  measurements.  The 
radiation  source  was  a  SYLVANIA  lamp  (30  W  electrical  power).  The  collimated  radiation  beam 
passed  through  a  Carl  Zeiss  monochromator,  with  LiF  prism,  and  falls  on  the  surface  of  the  PbS  film. 
For  photoconductivity  measurements  on  “  standard”  PbS  films,  the  incident  light  was  modulated  with 
an  ITHACO  3  83 A  type  mechanical  chopper.  The  measurements  were  performed  at  200Hz.  The 
photosignal  was  taken  fi-om  a  load  resistance  (see  Fig.  1)  and  measured  with  a  UNIPAN  233 
nanovolmeter.  Because  of  the  high  dark  resistance  and  a  small  photosignal  the  photoconducive 
measurements  on  “nanocrystaline”  films  were  performed  without  light  modulation. 


Fig.  1.  The  experimental  setup  for  the  photoconductive  measurement.  1)  glass  substrate;  2) 
PbS  film;  3)  gold  electrodes;  4)  load  resistance;  5)  current  source;  6)  amplifier. 
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For  TSC  measurements,  the  samples  were  irradiated  with  light  (5mW/cm^  optical  power)  for 
5  minutes  at  liquid-nitrogen  (N2)  temperature.  During  the  heating,  with  constant  rate  (0.1  K/s),  a 
constant  potential  (25  V)  was  applied  between  tlie  coplanar  electrodes  situated  on  the  PbS  film  surface. 
The  cuiTent  was  measi^red  with  a  KEn'HLEY  65 1 7  electrometer. 


Relinks  .iUd 

A  vciy'  a-.llien  lit  film  g;t^y->?lack  color  and  metallic  aspect  was  obtained  in  case  of  the 
'standard”  film.  SEM  photographs  2)  of  the  "standard”  PbS  film  reveal  existence  of  a 
continuous  compact  polycrystalline  film  'vinh  grain  size  around  250-300nm,  The  thiclaiess  of  the  film 
is  about  oCOnm  and  was  determined  by  inierpheroineiric  method. 


Fig.  2.  SEM  photograph  of  “standard”  PbS  film  deposited  on  glass. 

The  SEM  photo  of  the  "nanocrystallite”  film  (Fig.  3)  showed  a  continuous  layer  with  grain 
size  around  50nm  and  less  This  film  is  also  very  adherent  on  the  glass  substrate  and  had  a  brown 
color. 


Fig.  3.  SEM  photograph  of  PbS  “nanocrystal? ine”  film  deposited  on  glass. 

The  dark  resistance  of  the  "nanocrystalline”  film  had  a  high  value,  10^^-10^*Q/D,  comparing 
with  "shmdard”  films  when  dark  resistance  not  exceeded  1-2  lO^Q/D. 

Correlating  these  values  with  SEM  photo,  we  can  claim  that  the  high  resistance  of  the 
"nanocrystalline”  film  is  due  to  the  small  crystallite  sizes.  Change  in  crystallite  size  will  mainly  affect 
the  mobility  of  the  carriers  and  so  change  the  resistance  [17]. 

Both  the  "nanocrystalline”  and  ^‘standard”  PbS  films  presented  p-type  conductivity, 
determined  by  "hot  probe”  method.  Spectral  distribution  measurements  of  photoconductive  signal 
revealed  a  shift  of  the  maximum  sensitivity  towards  shorter  wavelenghts  for  "nanocrystalline”  PbS 
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film.  (Fig.  4  b).  Thus,  “standard”  film  presented  one  maximum  of  sensitivity  at  2.55p.m  and  another  at 
2,2  pm,  while  “nanocrystalline”  films  show  maximum  at  1 .8  and  0.8pm  (Fig.  4a  and  b). 


(a)  (b) 

Fig.  4.  Spectral  distribution  of  photoconductive  signal  normalized  to  the  incident  power  for 
PbS  films:  (a)  “standard”  film  measured  in  modulated  light;  (b)  “nanocrystalline  film 

measured  in  permanent  light. 


(a)  (b) 


Fig.  5.  Dark  current  vs  temperature  for  (a)  “standard”  and  (b)  “nanocrystalline”  PbS  films. 


The  thermally  activation  energy  Ea  for  both  type  of  films  was  determined  from  the  slope  of 
dark  current  curve  vs  temperature  (Fig.  5  a  and  b).  This  energy,  for  “standard”  film,  was  estimated  to 
be  about  0.196  eV  and  for  “nanocrystalline”  film  0.3  eV.  Considering  that  Ea  represent  ■/2  from  band 
gap  energy  Eg,  it  can  evaluated  that  Eg  =  0.4eV  for  “standard”  film  and  Eg  =  0.6  eV  for 
“nanocrystalline”  film. 

Thermally  Stimulated  Current  (TSC)  is  a  method  used  to  obtain  information  about  the  energy 
level  in  the  band  gap,  associated  with  the  various  defects  in  semiconductors.  Fig.  6  a  and  b  are 
presenting  the  TSC  curves  for  “  standard  and  “nanocrystalline”  films.  Two  levels  are  observed  for 
“standard”  sample.  The  activation  energy  of  the  first  level  was  estimated  to  be  about  0.16  eV  and 
second  0.19  eV  using  the  empirical  formula,  for  activation  energy  of  trapping  level,  Ea=  nkTn,  (k  is 
the  Boltzmann  constant,  Tm  is  the  peak  temperature  and  n=  19  is  assumed).  In  the  “nanocrystalline” 
film  are  observed  three  peaks  in  the  TSC  current  but  two  of  them  appeared  at  a  higher  temperatures. 
The  activation  energy  estimated  for  these  two  levels  were  0.36  eV  and  0.45  eV.  We  are  noted  that  the 
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band  gap  of  PbS  is  0.41  eV  at  room  temperature.  Comparing  the  second  activation  energy  of  trap  level 
(0.45  eV)  of  “nanocrystalline”  film  with  band  gap  energy  of  PbS,  it  can  be  supposed  that  for  this  film 
the  band  gap  energy  was  larger  that  of  “standard”  film,  in  accordance  with  value  obtained  from  dark 
current  vs  temperature  measurement. 


Temperature  (K) 


(a)  (b) 

Fig.  6.  TSC  curves  for  a)  “standard”  PbS  film  b)  nanocrystalline  PbS  films. 


4.  Conclusion 

Several  conclusions  can  be  drawn  on  the  basis  of  the  experimental  data.  The  CBD  method  can 
be  used  for  the  preparation  of  nanocrystalline  PbS  films.  Comparative  studies  on  the  electrical  and 
photoelectrical  properties  of  “standard”  and  “nanocrystalline”  film  have  shown  important 
differences  between  them.  Our  results  suggest  that  the  shift  of  the  maximum  of  photosensitivity  to 
shorter  wavelengths  and  the  larger  value  of  Eg  can  be  ascribed  to  nanoparticles  size  effect. 
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IDEAS  CONCERNING  THE  NON-CRYSTALLINE  MATERIALS 
OBTAINMENT  BY  MELT  UNDERCOOLING 


P.  Balta 

University  “Politehnica”  Bucharest 


A  short  selective  review  of  concepts  and  ideas  concerning  the  conditions  in  which  the  melts 
may  be  undercooled  in  vitreous  state  is  presented.  The  important  role  of  the  cooling  rate  in  the 
broadening  of  the  glass  forming  domains,  encouraging  the  apparition  of  the  new  ultra  high 
cooling  rate  techniques,  is  underlined.  Correlation  between  the  undercooling  in  the  vitreous 
state  tendency  and  basicity  (pB  in  %)  is  demonstrated.  The  new  evidenced  feet  that  the  classic 
glass  formers  are  located  in  the  central  field  of  the  basicity  scales,  i.e.  approximately  between 
40  and  60  %  of  pB,  is  discussed.  The  speed  of  the  heath  dissipation  Vh^,  as  a  very  general 
glass  forming  condition,  is  defined.  The  fulfilling  of  this  condition  allows  obtaining  every 
liquid  or  melt  in  vitreous  state.  The  two  new  possibilities  of  melts  undercooling  tendency 
estimation  are  easily  utilisable  the  necessary  data  being  accessible. 

(Received  May  26,  2001;  accepted  June  1 1,  2001) 
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1.  Introduction 

To  obtain  non-crystalline  solids  energy  must  be  injected  during  the  material  processing.  Many 
genesis  routes  may  be  used  depending  on  the  energy  nature  [1,  2,  and  3].  These  possibilities  are 
suggested  by  the  genesis  routes  triangle  presented  in  figure  1,  where  S  =  solids,  L  =  liquids, 
G  =  gases,  V  and  V*  are  different  resulting  vitreous  structures.  For  example,  using  thermal  route,  the 
solid  is  melted  and  the  obtained  L  is  undercooled  to  non-crystalline  solid  V. 


L 


Fig.  1 .  Genesis  routes  triangle. 


For  thousand  of  years  the  main  energy  used  for  glass  producing  is  the  thermal  one.  After 
obtaining  a  melt  it  must  be  cooled  up  to  the  room  temperature  avoiding  the  crystallization  to  conserve 
the  structural  disorder.  Because  the  nucleation  and  the  crystallization  processes  devolve  in  time  the 
cooling  rate  is  one  of  the  most  important  factors. 

In  the  usual  industrial  technological  conditions  a  reasonable  slow  cooling  rate  is  necessary  to 
allow  the  normal  processing  of  glass  products.  For  some  glasses,  like  chalcogenide,  metallic  and 
others,  interesting  and  important  from  scientific  and  application  points  of  view,  new  technologies 
were  elaborated. 

In  this  work  an  attempt  to  update  the  ideas  concerning  the  undercooling  of  melts  in  glassy 
state  is  presented. 
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2.  A  short  review  of  the  concepts  concerning  the  possibilities  of  the 
melts  undercooling  tendency  estimation 

Efforts  were  made  during  the  time  to  theoretically  estimate  the  melt  undercooling  in  vitreous 
state  tendency.  Many  research  workers  approached  this  problem  by  following,  mainly,  two  ways:  1) 
the  consideration  of  the  melt  structure  and  of  the  nature  of  the  chemical  bonds  and  2)  the  study  of  the 
kinetics  of  tlie  crystallization  process. 

The  first  way  resulted  in  the  elaboration  of  rules,  stepwise  enriched  with  the  progress  of  the 
glass  chemistry.  As  examples,  the  Zachariasen  rules  are  well  known  and  also  the  use  in  this  aim  of  the 
cation  field  strength  introduced  by  Dietzel.  Other  attempts  in  this  sense  together  with  the  use  of  the 
accumulated  knowledge  in  the  field  of  chemical  bonds  and  of  melt  structure  are  presented  in  [1, 2,  and 
4].  Three  categories  of  oxides  are  defined:  glass  formers,  intermediates  and  modifiers.  It  was  proved 
that  these  rules  must  be  adjusted  when  new  scientific  and  experimental  data  are  accumulated.  Thus, 
many  compositionally  new  glasses  and  those  obtained  by  the  use  of  some  ultra  rapid  cooling 
techniques  made  necessary  a  re-definition  of  the  above  mentioned  three  categories.  For  example,  in 
chalcogenide  glasses  the  role  of  modifiers  seems  to  be  played  by  the  halogen  atoms,  which  break  the 
chalcogen  bridges.  In  that  concerns  the  formers  this  concept  is  less  clear  defined  and  consequently 
less  used. 

On  the  crystallization  kinetics  line  the  efforts  were  concentrated  to  express  as  correctly  as 
possible  the  probability  of  nuclei  apparition  and  the  ciystallization  development.  One  of  the  early 
obtained  results  is  a  glass  forming  condition  expressed  by  means  of  the  so-called  kinetic  barriers  for 
nucleation  AG  and  for  crystallization  AG”,  related  to  the  viscosity  influence  increase,  during  the  melt 
temperature  decrease,  on  activation  energies  [1,  5],  For  the  case  when  the  nucleation  rate  is  of  the 
order  of  1  nucleus  cm‘^  s'"  and  the  crystal  growth  rate  is  less  than  10'^  atomic  dimensions  per  second, 
one  obtain  that  the  undercooling  of  a  melt  in  vitreous  state  is  possible  when: 

AG’»AG”>20RT„,  (1) 

where  R  is  the  gas  constant  and  Tm  is  the  melting  temperature.  That  means  that  only  the  melts  with  a 
complex  enough  structure  and  with  strong,  active  chemical  bonds  may  be  undercooled  in  vitreous 
state.  Obviously  the  relationship  (1)  has  been  conceived  mainly  for  usual  industrial  glass  melting 
conditions.  Taking  into  account  the  melt  structural  complexity  and  the  chemical  bonds  energy  the 
condition  (1)  is  applicable  to  chalcogenide  glasses  too.  However,  many  new  glasses  cannot  be 
obtained  in  such  conditions. 

Stevels  and  collaborators  [6]  defined  the  notion  of  critical  cooling  rate  CCR  as  the  minimal 
cooling  rate  at  which  a  melt  with  a  given  composition  still  can  be  obtained  in  vitreous  state.  Such 
experimentally  accumulated  information  may  be  used  to  identify  the  compositions  that  can  be 
processed  in  the  usual  industrial  conditions  without  the  risk  of  crystallization.  However,  getting  such 
experimental  data  is  laborious. 

Uhlmann  [1,7,  and  8]  had  the  idea  to  establish  the  minimum  ciystal  volume,  detectable  in 
glass  by  the  usual  techniques,  which  may  make  doubtful  the  quality  of  the  given  material  as  a  glass. 
This  volume  fraction  has  been  estimated  at  lO"*.  Uhlmann  proposed  a  relation  for  the  volume  fraction 
of  crystal  calculation  taking  into  account  the  nucleation  frequency  and  the  ciystallization  rate.  Finally 
it  may  be  drawn  the  so-called  T-T-T  curves,  representing  the  temperature  dependence  of  the  time 
interval  necessary  for  a  given  degree  of  melt-crystal  transformation  took  place. 

Using  this  kind  of  curves  it  may  be  approximated  the  cooling  rate  necessary  for  avoiding  the 
formation  of  the  previously  established  crystal  volume  fraction  and  even  the  thickness  of  the  sample 
obtainable  in  vitreous  state.  A  precious  information  is  obtained  in  this  way,  as  results  from  the  table  1 
[7,  8],  that  concentrates  a  part  of  the  few  data  acquired  in  this  field.  It  is  evident  the  traditional  glass 
forming  character  of  SiOa  and  GeOa  and  the  diminution  of  this  property  towards  metal. 

The  knowledge  concerning  the  melts  nucleation  and  crystallization  are  considerable  enriched 
in  the  time  passed  after  the  elaboration  of  the  above  ideas. 
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Table  1.  Information  obtained  by  means  of  T-T-T  curves. 


The  substance 

CCR(Ks') 

The  thickness  of  the 
sample  obtainable  in 
vitreous  state 

Si02 

2.10-^ 

400  cm 

Ge02 

7.10'^ 

~7  cm 

Salol 

50 

0,07  cm 

H2O 

10’ 

~1  pm 

As _ 

lO’" 

1000/J 

It  must  be  noted  the  importance  of  transient  phenomena  in  the  nucleation  process  and  the  role 
of  non-steady  state  time  lag  in  nucleation,  outlined  especially  by  Gutzow  and  collaborators  [4].  A 
simple  relationship  was  deduced  for  critical  cooling  rate  (denoted  in  this  case  as  qc)  calculation  in  the 
case  of  a  catalyzed  nucleation: 

logq,=17-^^  (2) 

where  U(Tni)  is  the  activation  energy  at  the  melting  temperature.  Taken  into  account  the  correlation 
between  this  activation  energy  and  the  molar  enthalpies  of  evaporation  and  of  sublimation  one  obtain: 

AH 

logqo=C— ^  (3) 

where  C  is  a  constant.  If  a  quite  reasonable  value  of  1  K*s“*  is  considered  for  qc  then  results  the 
condition: 

(4) 

that  may  be  used  to  conventionally  separate  the  glass  formers  or  “vitroids”  from  “crystalloids”  [4], 
The  correlation  possibility  with  melt  structure  and  with  chemical  bonds  is  maintained. 

The  practical  use  of  these  ideas,  of  a  high  theoretical  interest,  encounters  difficulties 
especially  in  the  acquisition  of  the  necessary  for  calculation  data. 

3.  The  use  of  basicity  for  the  undercooling  tendency  estimation 


As  it  is  known,  for  solids  the  Lewis’s  theory  of  basicity  seems  to  be  the  most  adequate.  In  oxide 
glasses,  oxygen  is  the  basic  partner  donating  the  electrons  needed  for  the  bond.  A  simple  image  of 
such  a  bond  offered  by  Lewis  in  1916,  cited  and  used  by  Pauling  too  [9],  supported  the  idea  that  the 
shared  electron  pair  is  in  general  attracted  more  strongly  by  one  than  by  other  of  two  unlike  atoms, 
according  to  the  respective  electronegativity  values.  The  established  equilibrium  position  of  the 
electron  cloud  has  important  consequences,  among  them:  a  kind  of  mean  electronegativity  value, 
some  partial  charges  on  the  partner  atoms,  a  certain  amount  of  ionic  character  of  the  bond  etc.  It  is 
evident  that  the  electron  donating  power  of  the  oxygen  atom  and  the  acceptor  ability  of  the  partner 
atom  must  change  too,  the  significance  being  a  change  in  the  basicity  value. 

The  consequences  may  be  seen  also  in  certain  modification  of  the  electron  levels  (molecular 
orbitals),  reflected  by  the  electron  transitions,  by  the  polarizability  values,  by  the  refractive  index  and 
finally  by  all  properties  of  glasses  and  all  other  oxidic  materials,  it  is  not  surprising  that  many  such 
influences  have  been  proposed  or  used,  with  more  or  less  success,  as  tools  to  measure  the  basicity. 

The  pB  concept  was  published  for  the  first  time  in  a  Romanian  textbook  of  glass  technology  in 
1984  [2]  and  then  in  English  in  1985  [10].  Accepting  the  fact  that  oxygen  is  the  basic  part  in  oxides 
the  amount  of  the  ionic  character  (I,.),  as  defined  by  Pauling  [9]  was  chosen  to  measure  the  electron 
donating  power  denoted,  in  this  aim,  pB.  The  immediate  advantage  was  the  possibility  to  calculate 
this  magnitude  by  means  of  the  known  Pauling’s  relation,  using  the  electronegativity  (Xa  and  Xb) 
values: 

I^=l_e-o.25(x,-X3)^  (5) 

To  consider  also  the  co-ordination  number  CN  and  to  use  the  ionisation  potential  of  the  cation 
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in  the  given  oxide  or  glass  instead  of  electronegativity  a  new  relationship  was  elaborated  for  the 
amount  of  the  ionic  character,  i.  e.  for  pB,  calculation. 

log  pB  =  1  .9(CN)'*  “  -  0.023  ^  (6) 

The  Pi  values  are  easily  accessible  from  tables  based  on  calculated  or  experimentally 
determined  data.  The  Pi  value  (in  eV)  used  in  (6)  accounts  for  the  oxidation  state  (OS)  of  the  cation 
too,  which  has  an  important  influence  on  the  amount  of  the  ionic  character.  For  oxides  having  the 
same  OS  and  CN  the  amounts  of  the  ionic  character  calculated  by  means  of  electronegativity(5)  or 
with  (6)  are  identical  [10].  ^ 

The  formula  (6)  gives  pB  values  in  percents,  the  pB  =  100  %  being  the  value  of  a  free  O  ion, 
that  is,  an  ideal,  not  achievable,  limit  of  electron  donating  power.  The  expressing  of  basicity  in 
percent  has  the  advantage  to  make  easier  the  comparisons  and  correlation.  The  acronym  pB  prompts, 
in  principle,  the  analogy  with  pH  and  pO^'  and  also  the  expressing  in  %. 

For  complex  glasses  and  oxidic  materials  the  pB  value  is  obtained  from: 

pBg=XpBiCi  (7) 

i 

Cj  being  the  weight  fraction  of  the  oxide  i  and  pB;  the  respective  basicity. 

By  means  of  the  explicitly  or  implicitly  included  magnitudes,  the  basicity  scale  pB  takes  into 
consideration  the  properties  of  the  atom  (electronegativity,  ionization  potential),  of  the  ion  (oxidation 
state)  and  also  the  local  chemical  structure  (coordination  number  CN)  [2,  10-12].  For  this  reasons  pB 
correlates  in  a  direct  and  simple  manner  with  all  properties  of  glasses.  The  correlation  between  pB  and 
the  undercooling  in  the  vitreous  state  tendency  is  illustrated  by  the  data  in  the  table  2. 

The  glass  former,  in  the  classical  sense,  oxides  have  pB  values  up  to  approximately  60  %,  the 
intermediates  between  60  and  70  %  and  modifiers  over  70  %.  It  is  interesting  to  note  that  the  most 
different  industrial  glasses  have  pB  values  in  the  range  of  glass  formers,  up  to  63  %.  Because  the  pB 
scale  was  elaborated  only  for  oxidic  materials  the  basicity  values  of  chalcogenides  were  obtained 
using  the  relationship  (5)  for  the  amount  of  ionic  character  calculation  function  of  electronegativity. 


Table  2.  Basicity  (pB)  values  for  some  compounds  and  glasses. 


Oxides 

pB 

(%) 

Industrial  glasses 

pB 

(%) 

P9O5  -  former 

38 

BaO  -  modifier  (CN  =8) 

89,5 

B7O1  -  former  (CN  =  3) 

44.8 

Schott  Cl  solder  glass 

SiO:>  -  former 

Simax  (Pyrex,  Duran) 

B4M 

AS2S3  -  former 

Solder  glass  for  Kovar 

54.1 

GeSj  “  former 

11.6 

Schott  Ci5  solder  glass 

57.1 

AI2O1  -  interm.  (CN  =  4) 

61.6 

Glass  for  high  tension  insulators 

58.9 

AI2O3  “  interm.  (CN  =  6) 

72.4 

Window  glass 

60.0 

NaiO  -  modifier  (CN  =6) 

89.0 

E  fiber  glass 

60.9 

K2O  -  modifier  (CN  =9) 

94.2 

Philips,  for  TV  screen  glass 

62.8 

CaO  -  modifier  (CN=7) 

88.4 

Sovirel  S  000,01  solder  glass  for  Fe 

63.0 

As  it  is  known  and  seen  in  the  table  1,  the  amount  of  the  ionic  character  of  chalcogenides  is 
small,  that  is,  the  basicity  is  low.  Considering  the  pB  values  the  examined  chalcogenides  are  glass 
formers.  This  statement  is  valuable  for  many  other  chalcogenide  compositions. 

The  increase  of  the  amount  of  basicity  over  60  %  indicates  the  diminution  of  the  glass  forming 
tendency  in  the  usual  industrial  conditions.  However,  the  vitreous  state  may  be  obtained  but  only 
using  rapid  or  ultra  rapid  cooling  techniques. 

The  available  CCR  data  [8]  allow  checking  the  correlation  with  pB.  In  the  figure  2  were 
represented  in  semilogaritlimic  coordinates  the  CCR  values  calculated  for  the  case  of  a  homogeneous 
nucleation  and  for  the  case  of  a  heterogeneous  nucleation  and  contact  angles  of  100°  and  of  60°, 
versus  basicity.  The  drawn  curve  evidences  for  the  first  time  the  existence  and  the  nature  of  this 
correlation. 


Ideas  concerning  the  non-crystalline  materials  obtainment  by  melt  undercooling 
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Although  the  available  data  are  few  it  is  showed  the  inedited  fact  that  the  crystallization 
tendency  is  minimal,  respectively  the  undercooling  in  vitreous  state  tendency  is  maximal  in  the  central 
zone  of  the  basicity  scale.  The  CCR  increase  by  the  basicity  increase  over  about  60  %  is  known  and 
easy  explainable  but  the  CCR  increase  when  the  basicity  decreases,  i.e.  when  the  amount  of  the 
covalent  character  of  the  chemical  bonds  increase  is  unexpected. 


Fig.  2.  The  CCR  dependence  on  pB. 


To  discuss  these  new  aspects  figure  3  was  drawn  based  on  the  idea  that  SiC)2  is  the  best  glass 
former  in  usual  industrial  conditions,  at  a  pB  value  of  about  50  %.  In  principle,  figure  3  offers  a  more 
suggestive  image,  comprising  also  B2O3,  P2O5,  SO2,  CO2,  GeS2  and  AS2S3  as  examples.  To  obtain 
glasses  from  more  basic  compositions,  with  less  complex  ionic  structures  the  rate  of  melts  cooling 
must  be  correspondingly  increased.  As  was  shown  above,  at  pB  values  between  about  60  %  and  40  % 
the  glass-forming  tendency  is  high  and  the  respective  materials  may  be  quite  easily  undercooled. 

The  new  revealed  effect  of  the  increase  of  the  amount  of  the  chemical  bonds  covalent 
character  upon  the  undercooling  in  the  vitreous  state  tendency  deserves  a  deeper  examination  in  the 
future.  For  the  moment  one  may  advance  the  hypothesis  Aat  the  oxide  glass  forming  tendency 
diminution  towards  smaller  pB  values  is  probably  determined  by  a  certain  structure  simplification 
continued,  at  lower  basicities,  by  the  formation  of  some  small,  isolated  molecules,  less  active  towards 
exterior.  As  a  result  the  volatility  increases  in  the  same  direction  up  to  gases  like  SO2  and  CO2.  The 
diminution  of  the  polymerization  ability  and  the  increase  of  volatility  seems  to  be  the  reasons  of  the 
change  in  the  basicity  influence  on  glass  forming  tendency. 

The  position  of  chalcogenides  in  figure  3  was  determined  by  the  practical  impossibility  to 
obtain  such  glasses  in  the  traditional  industrial  conditions  because  they  important  tendency  to  react 
with  the  atmospheric  oxygen.  In  vacuum  or  in  special  protective  atmosphere  they  show  the  glass 
former  property  indicated  by  the  low  pB  values. 

4.  A  new,  very  general,  condition  for  melt  undercooling 

The  cooling  rate  of  a  melt  to  obtain  glass  signifies  the  possibility  to  dissipate  a  given  heat 
quantity  in  a  short  enough  time  to  preclude  crystallization.  This  process  evidently  depends  on  the  heat 
quantity,  respectively  on  the  mass  of  the  melt  to  cool  and  on  the  conditions  in  which  the  thermal 
transfer  to  the  environment  is  realized.  In  the  table  3  some  data  are  presented  for  two  very  different 
situations  in  which  glasses  are  obtained  by  undercooling  [2,  14]. 


Table  3.  Data  for  heath  dissipation  rate  Vhd.  Calculation. 


The  parameter 

Industrial  oxidic  glasses 

Metallic  glasses  I 

Cooling  rate  (C,)  degrees-  s*' 

10'^ 

Undercooled  mass,  (m)  grams 

10® 

0.33  - 1.04 

0.12-1.13 

3.3-10.4 

1.2-11.3 

If  in  the  classical  expression  of  heat  transfer  the  temperature  difference  is  replaced  with  the 
cooling  rate,  i.e.  with  the  temperature  difference  realized  in  a  second,  the  transferred  heat  quantity  in  the 
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time  unit  (Vhd)  may  be  calculated: 

Vhd  =  Crmc  (8) 

Using  the  data  in  table  3,  from  the  last  row  results  the  condition: 

Vhd>10®  (Us-')  (9) 

For  obtaining  glass  from  any  melt  heat  quantities  of  the  order  of  units  of  kJ  or  greater  must  be 
eliminated  in  each  second.  Having  no  terms  related  to  composition,  structure,  temperature,  this  condition 
has  a  very  general  character.  Only  the  absence  of  an  adequate  technique  for  rapid  heat  dissipation  may 
preclude  the  obtainment  of  a  given  melt  in  glassy  state. 

On  the  basis  of  the  figure  in  the  right  side  of  the  inequality  (9)  it  may  be  established  a  new 
classification  criterion  of  melts  and  glasses,  taking  into  account  the  manner  the  heat  dissipation  necessary 
for  undercooling  may  be  realized.  For  example  the  present  industrial  oxidic  glasses  and  also  many 
chalcogenides  might  be  characterized  by  a  Vhd  smaller  than  10®  kJ  s''.  Some  melts  based  on  heavy  element 
oxides,  orthosilicates  and  metallic  alloys  might  form  an  intermediate  category  with  Vhd  of  the  order  of  10 
kJs''.  Pure  metals  might  form  a  category  having  a  greater  Vhd,  value  that,  eventually,  may  not  yet  be 
realized. 

The  classification  of  melts  in  such  categories  might  indicate  in  a  direct  manner  in  what  conditions 
and  with  what  processing  methods  become  possible  their  obtainment  in  a  non-crystalline  state  by 
undercooling. 

5.  Conclusions 

A  brief  review  of  ideas  concerning  the  melts  undercooling  was  done. 

In  spite  of  the  few  available  data  it  was  shown  the  interesting  CCR  correlation  with  basicity. 

The  correlation  between  the  undercooling  into  vitreous  state  tendency  and  melt  basicity  is 
outlined.  For  the  first  time  was  evidenced  the  fact  that  only  the  melts  with  basicities  between  40  %  and  60 
%  may  be  obtained  in  vitreous  state  in  the  present  industrial  conditions.  The  diminishing  of  the  glass- 
forming  tendency  with  the  basicity  increase  above  60  %  pB  is  quite  easily  explainable  by  the  decrease  of 
the  structural  melt  complexity.  When  the  basicity  decreases  under  about  40  %  a  new,  interesting  feature 
appears,  which  has  to  be  deeply  examined  in  the  future.  It  seems  to  be  related  to  the  prevalence  of  covalent 
bonds  resulting  in  smaller,  isolated  structures  with  an  increasing  tendency  to  volatilize. 

A  new  very  general  condition  for  melts  undercooling  was  deduced,  expressed  as  the  rate  of  heat 
dissipation  V^a.  If  this  condition  is  fulfilled  every  melt  irrespective  of  his  composition  and  structure  can  be 
obtained  in  vitreous  state.  The  only  restriction  is  related  to  the  availability  of  a  method  able  to  realize  the 
needed  Vhd-  A  possibility  of  melts  classification  on  the  basis  of  their  Vhd  is  suggested. 
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We  present  the  results  of  calculations  of  the  structure  factor  S(k)  and  the  pair  distribution 
fiinction  g(r)  for  amorphous  Iron,  Cobalt  and  Nickel  using  Structural  Diffusion  Model  (SDM). 

With  the  choice  of  local  lattice  structure  made  in  this  work,  the  agreement  between  the 
calculated  and  experimental  S(k)  and  g(r)  is  reasonably  good.  We  suggest  that  the  most 
promising  procedure  to  choose  the  local  lattice  for  Structural  Diffusion  Model  calculation  of 
the  amorphous  systems  studied  In  this  work  is  to  start  with  the  fee  crystallographic  unit  cell. 
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1.  Introduction 

This  work  aimed  forwards  the  studies  of  the  static  structure  of  the  amorphous  Iron,  Cobalt 
and  Nickel  using  the  Structural  Diffusion  Model  (SDM).  The  most  commonly  employed  description 
of  the  structure  in  amorphous  systems  is  the  pair  distribution  function  g(r),  which  can  be  deduced  by 
the  Fourier  inversion  of  the  experimental  static  structure  factor  S(k)  [1-2].  g(r)  is  one-dimensional 
real-space  pair  distribution  function,  from  which  the  regeneration  of  fte  underlying  three-dimensional 
structure  can  never  be  unique. 

This  work  is  concerned  with  a  specific  model,  the  Structural  Diffusion  Model  (SDM).  It  was 
originally  proposed  by  Baer  [3],  and  has  been  used  to  describe  the  structure  of  liquids  and  amorphous 
solids  [4,  5,  6,  7].  At  its  simplest  the  SDM  characterises  the  local  spatial  arrangement  of  atoms  in 
disordered  systems  by  a  lattice  L,  and  viewing  the  disorder  as  due  to  a  spatial  decay  of  coherence 
between  local  structures,  the  spatial  diffusion  process.  In  its  most  recent  form  [8],  used  in  this  work, 
we  associate  the  local  structure  with  a  virtual  lattice  L  which  may  include  vacancies.  The  spatial 
diffusion  process  is  characterised  by  a  statistical  parameter,  the  structural  diffusion  coefficient  D.  The 
local  lattice  is  determined  by  (3n+l)  parameters  -  where  n  is  of  the  order  of  the  number  of  relevant 
neighbours-  and  on  a  couple  of  statistical  parameters.  The  latter  are  determined  by  an  optimisation 
process,  simulated  annealing  [9],  to  the  local  configuration.  The  expression  for  the  structure  factor 
S{k),  or  the  pair  distribution  g(r),  is  related  to  a  spatial,  radically  evolving,  Fokker-Planck  equation  in 
reciprocal  space.  Each  of  these  properties,  namely  S{k)  and  g{r),  can  be  evaluated  independently,  thus 
avoiding  the  truncation  errors  arising  from  Fourier  transforming  one  into  the  other.  This  is  precisely 
what  we  do  in  the  calculations  presented  below. 

With  an  increase  in  complexity  of  L,  namely  when  the  number  n  approaches  O  (10^),  the 
SDM  recovers  a  single  configuration,  say  {i^}  s  {rj,  ra,...,  rA^},  produced  by  the  Reverse  Monte  Carlo 
Simulation  (RMC),  originally  developed  by  McGreevy  and  Pusztai  [10].  For  O  (10^)  a  single 
“typical”  RMC  configuration  is  expected  to  give  full  information  on  the  structure  of  the  system,  as  far 
as  low  order  (n  «  N)  correlations  are  concerned.  Yet,  there  is  some  redundancy  in  the  information 
contained  in  {r^}.  For  instance,  for  two  atoms  far  apart,  the  atomic  positions  in  the  neighbourhood  of 
one  atom  relative  to  the  other  atom  become  unimportant.  Whence  if  the  relevant  information  sought  is 
on  the  average  configuration,  this  can  be  achieved  by  a  distribution  law  that  drastically  reduces  the 
number  of  parameters  required.  Moreover,  while  it  is  hoped  that  the  RMC  will  eventually  “converge” 
to  an  optimised  structure,  both  in  principle  and  in  practice,  this  is  not  always  possible.  The  difficulties 
of  principle,  which  also  apply  to  the  SDM,  have  been  discussed  by  Evans  [11],  and  by  van  der  Lugt 
and  Winnink  [12].  The  practical  difficulties  have  been  overcome,  sometimes,  in  the  RMC  method  by 
the  introduction  of  constraints  to  help  with  the  optimisation  procedure.  In  the  end  both  the  RMC  and 
SDM  seek  to  describe  the  experimental  structure  factor  S{k),  or  the  deduced  pair  distribution  function 
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g(r).  Both  these  properties  are  one-dimensionai  constructs  either  in  reciprocal  or  real  space  from 
which  the  regeneration  of  the  underlying  three-dimensional  structure  can  never  be  unique. 

In  this  work  we  have  taken  the  view  that  the  proper  choice  of  local  for  the  description  of  the 
pair  distribution  function  of  an  amorphous  system,  within  the  SDM,  must  be  related  to  the 
crystallographic  structure  with  which  it  completes.  We  specifically  propose  that  a  distorted  fee  unit 
cell  is  proper  choice  of  local  lattice  structure  for  amorphous  systems  whose  parent  crystallographic 
structure  is  fee. 

We  show  in  Section  3  that,  in  fact,  the  SDM  reproduces  the  structural  of  amorphous  Fe,  Co 
and  Ni.  The  calculations  are  carried  out  by  using  concise  analytical  expressions  for  both  S(k)  and  g(r); 
these  are  presented,  together  with  a  brief  outline  of  the  SDM,  in  Section  2.  This  is  followed,  in 
Section  3,  by  the  presentation  and  discussion  of  our  results.  Finally,  in  Section  4,  we  sum  up  and 
briefly  comment  on  the  results  of  our  work. 


2.  Theory 


The  SDM  assumes  that  the  local  configuration,  i.e.,  the  relative  positions  of  a  small  group  of 
neighbouring  atoms,  can  always  be  approximated  by  a  suitable  domain  in  an  ordered  structure 
specified  by  a  lattice,  L.  Further,  the  spatial  disorder  is  introduced  as  a  random  relative  displacement 
of  the  locally  observed  lattice  structures  at  different  points  in  space. 

The  resulting  expression  for  the  pair  distribution  function  g(r),  has  the  form  of  a  theta-type 
infinite  series, 

/  \sini  r 

pg(r)  -  G(r)  =  ZG^(r)  =  exp(-lf  (1) 

y  y  ^y^ 

Here  the  sum  extends  over  all  points  (shells)  of  the  reciprocal  lattice  L-{by},  p  is  the 


density  and  is  a  unit  cell  structure  factor  given  by  =  C(Jby),  where 

I  |2 


C{k)^ 


exp(/ka^) 


(2) 


with  the  sum  extending  over  the  «  points  in  the  unit  cell.  W  =  JV(r)  >  0  serves  as  a  width 
function  which  is  a  measure  of  the  decay  of  coherence  between  local  structures  at  two  localities 
separated  by  a  distance  r.  lV(r)  «  Dr  when  r  ->  oo ,.  Moreover,  ffXr)  decays  faster  than  r  when  r  goes 

to  zero,  i.e. 

For  reasons  of  convenient  analytic  evaluation,  we  make  use  of  the  following  specific  form  of 
fV(r), 


- ^-^0  as  r-^0. 

dr 


previously  introduced  by  Egelstaff  and  Schofield  [13],  namely, 


fv(r)  =  n 


2  2 

r  -ro 


+  W^ 


(3) 


where  is  the  average  exclusion  parameter. 

For  disordered  systems  such  as  amorphous  solids  and  liquids,  an  optimal  L  is  not  strictly 
unique  because  of  an  element  of  randomness  present  in  the  local  arrangement  of  atoms.  Consequently, 
it  is  possible  to  choose  for  L  increasingly  complex  lattices  possessing  larger  unit  cells,  together  with 
coefficients  D,  giving  increasingly  accurate  modelling  for  given  S(k)  data.  Indeed,  in  the  limit  of  a 
very  large  cell  having  the  size  of  the  typical  volume  used  in  computer  simulations  with  periodic 
boundary  conditions,  by  putting  D  —  0  we  can  choose  any  representative  configuration  of  the  atoms 
as  defining  the  unit  cell  of  L.  We  denote  any  such  macroscopically  complex  lattice  by  L„.  In  practice, 
the  usefulness  of  the  SDM  lies  in  finding  a  relatively  small  local  structure  which  reproduces  with 
sufficient  accuracy  the  g(r)  data.  The  details  of  the  structure  and  its  statics  are  then  hidden  in  the 
spatial  random  process,  exhibited  by  D  >  0. 
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The  expression  for  g(r)  used  here  is  a  generalisation  of  (1)  following  from  the  consideration 
of  an  additional  spatial  random  process  taking  into  account  the  effect  of  vacancies  of  the  local 
structure.  In  its  simplest  version  it  leads  to  the  consistency  requirement 


^(0-1  = 


(g(r)>0) 


(4) 


where  gi,(r)  is  the  SDM  expression  (1)  with  the  correct  density  pi  for  Z  and  p  is  the 
experimental  density.  We  carried  out  the  optimization  results  with  respect  to  the  local  structure  L  and 
the  statistical  parameters  D  and  ro  using  (4). 

With  the  above  choice  we  fit  directly  to  the  S(^)  experimental  data  and  use  the  fact 
that  the  Fourier  transform  of  g(r)  can  be  evaluated  analytically,  which  is  particularly  important  in  the 
low  A  range  [14],  We  have 

S(A)  =  ^S^(A)  =  ^  jG„(r)exp(/k-r)if  r 


Moreover,  choosing  (3)  we  have 

where  Ar,(X)  is  the  modified  Bessel  function  of  the  second  kind  and 

=  X,  (±k)  =  ro  ^(Db^f+(b,±kf 
The  optimization  was  carried  out  with  respect  to  [13], 


(5) 

(6) 

(7) 

(8) 


where  cr  is  related  to  the  variance  at  each  step  of  the  minimization  process. 

In  Eq  (8)  A'exp(>',  )  denotes  either  the  experimental  or  simulated  structure  factor  or  pair 

distribution  function,  y  stands  for  either  r  or  k,  and  X(y^,p)  the  S(k)  or  g(r)  obtained  from  the 
SDM  with  the  set  of  parameters  p. 


3.  Results  and  discussion 


All  the  systems  considered  in  this  work  have,  in  their  crystalline  state,  a  fee  crystallographic 
structure  that  we  take  as  our  initial  local  lattice.  «/(/=  1,2, 3)  denote  the  elementary  vectors,  and 

QT/  (/  =  1,  2,  3)  denote  the  internal  angles.  We  also  specify  the  initial  position  vectors  Jk  (k  —  1, 
...,»)  of  the  8  atoms  inside  the  unit  cell,  a^m  denotes  the  minimum  value  allowed  for  nearest  neighbour 
distances  during  the  iteration  cycle;  any  lattice  with  smaller  distances,  produced  in  the  iteration  cycle, 
is  rejected. 

In  the  simulation  annealing  process  the  (3«+l)  parameters  of  L„  ,  plus  the  two  parameters  D 
and  ro  defining  W  (r)  (we  keep  l^o  fixed)  are  varied  in  random  steps,  and  calculated  by  using 
Eq  (8).  The  change  in  the  parameters  is  then  accepted  or  rejected  according  to  the  probability  law 
which,  say,  for  move  m  reads 

p_f  r  /  ^  \  1  Zm<Xm-\  .Qv 

-zl-i  )lxl-x  ]  xl  >xl-x  ^  ’ 

Convergence  to  the  present  accuracy  is  normally  achieved  in  about  60  moves. 

We  only  compare  directly  in  Figures  1-3  our  results  with  the  experimental  data  of  5(Z)  and 
with  the  g(r)  deduced  from  the  same  experimental  data  by  Fourier  transform. 

3.1.  Amorphous  Iron  (a-Fe) 

The  structure  factor  of  a-Fe  has  been  measured  by  Lauriat  [15].  The  latter  were  measured 
using  both  polarized  x-ray  and  polarized  neutron  scattering  on  a  sample  of  ex-carbonyl  amorphous 
iron  obtained  from  Fe(CO)5  molecular  gas  decomposed  by  continuous  electrical  discharges  in  neon  at 
low  temperature.  Both  S(k)  are  shown  in  figure(l-a).  We  note  that  the  differences  between  the 
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experimental  S(k)  in  a-Fe  not  very  large,  bearing  in  mind  the  different  techniques  used  in  either 
sample  preparation  and  types  of  radiation  used.  In  figure  (1-b)  we  also  compare  with  the  x-ray 
scattering  data  of  Ichikawa  [16]. 

In  our  calculations  we  have  used  fixed  bond  length  the  value  2.55  ,  the  average  exclusion 

parameter  0.74  and  diffusion  constant  0.0102,  Also  our  choice  of  number  density  is  0.08486  A’^ 
[17]  and  the  value  of  angles  is  60 


a  b 


Fig.  la.  Static  structure  factor  for  a-Fe  using  the 
Polarized  X-ray  scattering  data  and  Polarized 
neutron  scattering  data  in  Ref.  [15], 


Fig .  lb.  Static  structure  factor  for  a-Fe  using 
the  X-ray  scattering  data  in  Ref  [16]. 


The  results  for  S(k)  using  the  SDM  are  reasonably  good.  The  general  shape  and  positions  of 
the  peaks  are  well  reproduced  in  all  the  system  studied  here.  However  the  calculated  main  peak 
heights  are,  in  most  cases,  lower  than  the  experimental  ones  also  our  SDM  calculation  do  not 
reproduce  in  a  completely  satisfactory  manner  the  full  details  of  the  split  second  peak.  Even  though 
the  correct  trends  are  always  present,  it  is  possible,  within  the  SDM  to  improve  the  quality  of  the 
calculated  S(k)’s  by  using  a  more  sophisticated  dispersion  law  for  W(r)  as  suggested  in  a  previous 
work  [18], 

We  have  also  calculated  the  corresponding  pair  distribution  function  ,  g(r)’s  are  obtained  by 
the  Fourier  inversion  of  our  S(k)  results.  Our  g(r)  result  is  shown  in  figure(l-c)  for  a-Fe. 


Fig.  Ic.  Pair  distribution  function  for  a-Fe  using  the  X-ray  scattering  data  in  Ref  [16]. 
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It  is  compared  with  the  corresponding  g(r)  deduced  from  experimental  data.  It  was  obtained 
from  the  diffraction  pattern  of  a  thin  film  of  amorphous  material  prepared  by  law-temperature 
condensation  in  high  vacuum  [16].  Our  g(r)’s  calculations  reproduce  well  the  shape,  position  and 
height  of  the  peak  of  g(r)  and  account  for  the  small  irregularity  in  the  third  minimum. 

3.2.  Amorphous  Cobalt  (a-Co) 

We  present,  in  figure  (2-a),  the  results  of  our  SDM  calculation  for  a-Co.  The  figures  compare 
our  result  with  the  electron  diffraction  data  of  Leung  and  Wright  [19].  We  have  also  included,  for 
comparison,  the  theoretical  S(k)  obtained  by  Sadchev  and  Nelson  [20]  using  a  Ginzburg-Landau 
theory  based  on  the  symmetries  of  a  perfect  icosahedral  solid  in  a  four-dimensional  curved  space. 
SDM  result  shows  a  lower  S(k)-maximum  with  experimental  results.  For  a-Co,  we  have  used  fixed 
bond  length  the  value  2.45  A” ,  the  average  exclusion  parameter  0.72 .4“  and  diffusion  constant  0.0098. 
Also  our  choice  of  number  density  is  0.09094  A"^  [17]  and  the  value  of  angles  is  60  ®. 


Fig.  2a.  Static  structure  factor  for  a-Co  using  the  Electron  diffiaction  data  in  Ref.[19] 
and  Theoretical  calculations  in  Ref.[20]. 

We  used  the  SDM  result  of  S(k)  to  calculate  the  pair  distribution  function  for  a-Co.  It  is 
shown  in  figure  (2-b).  The  results  for  Co  were  obtained  by  scattering  electron  diffraction  of  a  thin  film 
prepared  by  ultra-high  vacuum  at  4  °K  [19].  The  experimental  results  for  amorphous  systems  at  law 
temperatures  reveal  that  the  width  of  the  first  peak  of  g(r)  is  more  narrow  relative  to  the  liquid  phase 
as  a  result  of  more  restricted  particle  displacement.  For  the  same  reason  the  short  range  order  extends 
to  large  distances  than  for  liquids.  Some  authors  refer  to  third  behaviour  as  intermediate  short  range 
order  [21].  Moreover  the  second  peak  splits  in  to  two  sub  peaks.  This  feature  of  g(r)  has  sometimes 
been  taken  to  be  as  a  sign  of  the  true  glassy  state  [22].  Another  common  feature  of  the  g{r)’s  of 
amorphous  systems  is  an  irregularity  is  also  obtained  in  the  third  minimum.  This  behaviour  is  also 
obtained  in  results  of  computer  simulation.  The  second  peak  splits  gradually  in  to  two  subpeaks  as  the 
as  the  liquid  is  cooled  down  to  temperatures  below  freezing  [23,24]. 
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Fig.  2b.  Pair  distribution  function  for  a-Co  using  the  Electron  diffraction  data  in  Ref  [19]. 


3.3.  Amorphous  Nickel  (a-Ni) 

Our  SDM  fitting  of  the  a-Ni  structure  factor  ,  figure  (3-a) ,  is  in  excellent  agreement  with  the 
experimental  data  of  Ichikawa  [16] ,  except  both  second  peak  and  minimum  the  height  of  the  second 
peak  is  lower  than  experiment  and  also  the  minima  is  below  experiment;  otherwise  our  fitting  follows 
closely  the  experimental  data.  We  have  used  fixed  bond  length  the  value  2.48 A'’,  the  average 
exclusion  parameter  0.69  A"  and  diffusion  constant  0.0099.  Also  our  choice  of  number  density  is 
0.09 1 4 1 A'^  [  1 7]  and  the  value  of  angles  is  60  °  for  amorphous  a-Ni. 

Our  result  for  g(r),  is  shown  in  figure  (3-b)  along  with  the  X-ray  scattering  data  [16].  It  is  veiy 
good  and  it  shows  a  marked  shoulder  on  the  high-r  side  of  the  second  peak.  The  observed  properties 
for  a-Ni  are  similar  to  a-Fe  and  a-Co. 


Fig.  3a.  Static  structure  factor  for  a-Ni  using  Fig.  3b.  Pair  distribution  function  for  a-Ni 

the  X-ray  scattering  data  in  Ref.  [16].  using  the  X-ray  scattering  data  in  Ref.  [16]. 
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4.  Conclusions 

We  have  analysed  the  structure  of  a-Fe,  a-Co  and  a-Ni  using  the  Structural  Diffusion  Model 
(SDM)  which,  while  based  on  a  similar  philosophy,  is  computationally  simpler.  We  have  also 
described  satisfactorily  the  typical  short  and  intermediate-range  order  observed  in  a-Fe,  a-Co  and  a- 
Ni.  Moreover  we  put  forward  the  proposition  that  the  local  lattice  structure  used  in  this  work  is  the 
proper  choice  of  local  lattice  for  a  SDM  description  of  the  atomic  arrangements  of  all  the  amorphous 
solids  whose  parent  crystallographic  structure  is  fee.  It  is  also  likely  that  a  similar  choice  of  local 
lattice  is  capable  to  describe  the  correct  g(r)  of  amorphous  systems  whose  crystallographic  structure  is 
hep.  As  a  result  of  our  calculations  we  suggest  that  the  small  peak,  or  shoulder,  following  the 
second  peak  of  g(r)  is  a  real  feature  that  reflects,  weakly,  the  third-neighbour  peak  in  the  crystalline 
phase  of  the  tetrahedrally  bonded  amorphous  systems.  Within  the  SDM  description  of  g(r)  it  is  not 
possible  to  assert  whether  the  system  is  in  the  amorphous  phase  or,  indeed,  how  it  has  reached  that 
phase.  For  the  latter  we  would  need  information  on  the  kinetic  processes  involved  in  the  transition, 
which  no  static  model  or  theory  of  the  structure  provides. 

Finally,  the  following  comments  are  in  order.  The  structural  disorder  in  an  amorphous  solid 
implies  a  non-zero  configurational  (structural)  entropy,  5"  >  0.  The  SDM  offers  the  possibility  of 
obtaining  compact  expressions  for  the  structural  entropy  [25],  a  property  that  is  difficult  to  study 
using  standard  statistical  theories  or  computer  simulations. 

The  SDM  provides  a  modelling  by  analytic  functions  which  are  computationally  convenient 
and  can  produce  result  for  both  the  static  structure  factor  and  pair  distribution  function  as  well  their 
spectral  representations.  We  propose  that  the  SDM  is  a  convenient,  simple  model  to  describe  the 
structure  of  amorphous  systems. 
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1.  Introduction 

In  our  recent  paper  [1]  we  have  elaborated  the  model  of  superconductivity,  which  may  be 
realized  in  the  system  of  negative  -  U  centers  with  a  large  concentration.  The  model  is  based  on  the 
theoretical  results  of  paper  [2].  It  is  supposed  in  [1],  that  manifestation  of  negative  -  U  centers  model 
of  superconductivity  (NUCS  —  model)  may  be  found  in  chalcogenide  glassy  semiconductors,  because 
these  substances  are  known  as  matters  with  a  large  concentration  of  negative  -  U  centers.  Then  in  the 
present  paper  we  discuss  several  experimental  results,  which  might  confirm  our  hypothesis. 

2.  Anal3rsis  of  experimental  data 

The  present  paper  is  devoted  to  investigation  of  superconductivity  of  the  samples,  which 
consist  of  globules  of  well  known  high  temperature  superconductor  (HTSC)  with  Y,Ba2Cu307 
composition  which  are  embedded  in  glassy  Se  matrix.  The  details  of  samples  preparation  have  been 
described  in  [1],  and  here  we  briefly  remind  the  most  important  ones  only.  A  little  bubble  (volume  ~  1 
mm^)  of  a-Se  mixture  with  micro-crystalline  pieces  of  YiBa2Cu307  (or  globules)  are  located  between 
two  intersecting  wolfram  wires.  Diameters  of  wires  are  equal  to  50  pm.  The  bubble  has  been  melted 
by  Joule  heating  of  wolfram  wires,  melting  substance  entered  between  wires  and  separated  them  at 
distance  L.  Micro-crystalline  pieces  of  YiBa2Cu307  -  globules-  have  linear  size  about  several 
micrometers  and  occupy  approximately  14%  of  whole  volume  then  all  of  them  have  been  separated 
by  a-Se.  Two  sets  of  samples  have  been  investigated. 

The  first  set  consists  of  low-resistance  samples  with  resistance  R  at  room  temperature  of  order 
R~1  n.  This  value  can  be  estimated  from  date  of  Fig.  la  (curve  1).  The  distance  L  between  electrodes 
for  these  samples  has  a  minimum  value  L~1  micrometer  and  so  L  is  less  than  linear  size  of  globules 
one  can  conclude  that  there  are  several  globules  which  join  two  contacts.  This  conclusion  may  be 
confirmed  by  estimation  of  the  conductivity  value  or  ~  L/RS.  One  can  obtain  for  typical  square  of 
globule  cross-section  S  ~10  pm^  the  conductivity  value  of  order  ~10^  O'*  cm'*,  which  rather  well 
coincides  with  the  conductivity  of  Y)Ba2Cu307  at  room  temperature.  The  superconductivity  phase 
transition  temperature  Tc  for  these  samples  approximately  coineides  with  that  one  for  YiBa2Cu307 
(Tc«90  K)  [1].  The  value  of  critical  current  density,  which  can  be  estimated  from  the  initial  current 
Jump  of  curve  2  (Fig.  la)  at  U=0,  equals  to  ~  2  A/cm^  and  coincides  with  known  value  for  HTSC  [2]. 

Then  one  can  conclude,  that  electrical  properties  of  of  low-resistance  samples  at  all 
temperatures:  T>Tc  and  T<Tcare  governed  by  HTSC. 

The  second  set  consists  of  high-resistance  samples  with  R~10^  at  room  temperature  (see  Fig. 
lb,  curve  1).  The  typical  distribution  of  HTSC  globules  through  the  sample  cross-section  obtained  by 
X-ray  microanalysis  is  shown  on  Fig.  2,  which  is  taken  from  paper  [1].  It  is  very  well  seen,  that 
globules  are  separated  and  there  is  not  the  continuous  current  path  trough  them.  Solid  line  has  been 
depicted  by  authors  to  show  the  possible  current  path  through  the  several  globules  and  a-Se  inter- 


546 


K.  D.  Tsendin,  A.  V.  Prihod'ko,  B.  P.  Popov 


these  layers  may  be  taken  as  ~10  fim.  The  distance  between  electrodes  for  these  samples  has  a  value 
more  than  for  the  low-resistance  samples  and  one  can  use  for  estimation  the  value  L~50  pm.  If  one 
takes  the  linear  dimension  of  globule  ~5  pm  as  the  diameter  of  current  path  cross-section  then  the 
conductivity  value  of  order  *  Cl  '  cm*'  may  be  obtained  at  room  temperature.  This  value  very 
differs  from  the  value  -10'’^  Q  '  cm*'  for  pure  a-Se.  It  is  knovm  that  conductivity  of  a-Se  very  depends 
on  the  doping  with  oxygen  [3],  then  we  can  suppose  that  a-Se  channels,  which  join  globules  and  are 
depicted  by  solid  line  (Fig.  2)  consist  of  glassy  selenium  doped  with  oxygen  catched  from  air  or  from 
globules. 

But  we  would  like  to  emphasize  that  in  any  case  the  resistance  of  high-resistance  samples  at 
room  temperature  (T>Tc)  is  not  controlled  by  HTSC. 

Phase  transition  temperature  Tc  for  samples  from  the  second  set  is  the  same  as  for 
YiBa2Cu307  [1]  and  one  can  see  the  direct  superconducting  current  through  whole  sample,  which 
existence  at  U=0  and  T=77  K(Fig  lb,  curve  2).  Hence  a  conclusion  was  made  in  [1]  tliat  Josephson 
contacts  are  formed  between  HTSC  globules  embedded  in  the  a-Se  matrix,  making  possible  the 
superconducting  transport  in  these  samples. 


ijiA 


Fig.  1. 1-V  characteristics  of  (a)  low-  and  (b)  high- 
resistance  samples  at  temperatures  T  =  297  (1)  and  77  K 
(2). 


The  most  important  fact  we  would  like  to  emphasize  in  present  paper  consists  in  the  following. 
It  is  known  presently  that  the  correlation  length  ^  in  HTSC  materials  is  small  and  equals  to  10-15  A 
[4,  5].  Consequently,  the  thickness  of  the  Josephson  contacts  must  be  of  the  same  order  of  magnitude. 
At  the  same  time,  it  can  be  seen  from  Fig.  2  that  the  a-Se  spaces  between  HTSC  globules  have  linear 
dimensions  of  several  micrometers,  i.e.  10^  times  Hence  follows  that  the  superconducting 
properties  of  the  sample  as  a  whole  can  only  be  accounted  for  under  the  assumption  that  a-Se  in 
spaces  between  the  globules  also  would  possesses  superconducting  properties  with  Tc  not  lower  than 
that  of  YiBa2Cu307.  This  assumption  does  not  refer  to  the  entire  volume  of  selenium  known  not  to 
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exhibit  high-temperature  superconductivity.  We  mean  here  only  the  channels  appearing  between  the 
HTSC  globules  in  electric  field  as  a  result  of  switching,  shown  schematically,  as  the  guide  to  the  eye, 
by  the  solid  broken  line  in  Fig.  2.  It  is  known  that  the  transition  of  a  thin  Se  layer  from  the  state  with 
high  resistance  to  that  with  low  resistance  (switching  effect)  occurs  in  an  electric  field  with  strength 
on  the  order  of  10^-10®  V/cm  [6],  At  the  same  time,  the  external  field  strength  in  [1]  did  not  exceed 
10^  V/cm,  even  with  the  effective  thickness  of  the  a-Se  layer  taken  to  be  —0.1  pm.  Thus,  it  can  be 
assumed  that  a-Se  presents  between  HTSC  globules  has  unusual  properties  and  is  switched  in  weak 
external  electric  fields  or  there  are  strong  internal  electric  field  in  the  vicinity  of  HTSC  -  a-Se 
boundary. 


0  64  MKM 


Fig.  2.  Distribution  of  elements  over  the  sample  cross-section, 
obtained  by  means  of  X-ray  microanalysis  (reproduced  from 
[1]).  (1)  Selenium  and  (2)  HTSC.  The  solid,  broken  line 
showing  the  path  of  the  through  current  represents  a  set  of 
superconducting  Se  channels  connecting  adjacent  HTSC 
globules. 

It  is  for  channels  of  this  kind,  appearing  as  a  result  of  switching  in  chalcogenide  glassy 
semiconductors  (CGS),  whose  representative  Se  is,  that  a  model  of  superconductivity  has  been 
proposed  recently  [7],  based  on  the  concept  of  centers  having  negative  effective  electron 
correlation  energy  U  (negative-Ucenters).  At  present,  it  can  be  considered  a  well-established  fact  that 
it  is  the  negative-U  centers  that  are  the  predominant  type  of  native  defects  in  chalcogenide  glassy 
semiconductors.  For  the  reason  of  negative  U,  electrons  (holes)  are  effectively  attracted  when 
residing  on  a  defect  and  thus  form  pairs  of  electrons  or  holes,  which  are  bosons.  It  was  assumed  in  [7] 
that,  at  a  sufficiently  high  concentration  of  negative-U  centers,  their  states  may  form  bands  of 
delocalized  pairs  of  electrons  or  holes,  whose  Bose  condensation  gives  rise  to  superconductivity.  Just 
the  simplest  CGS  -  glassy  Se,  was  considered  in  [7]  as  an  example.  Fig.  3  shows  schematically  the 
band  of  electron  and  hole  pairs:  D(-)  and  D(+)  bands  made  of  non-superconducting  metals  exists  only 
in  strong  electric  fields.  The  parameters  of  negative-U  centers  in  a-Se  can  be  found  from  drift 
mobility  measurements.  The  thermal  activation  energy  of  hole  drift  in  the  valence  band  is  0.14  eV  [3], 
which  corresponds  to  capture  of  holes  into  states  of  the  electron  pair.  Therefore,  it  can  be  assumed 
that  the  center  of  the  D(-)  band  lies  0.14  eV  above  the  top  of  the  a-Se  valence  band.  The  same  figure 
shows  the  expected  energy  of  optical  ionization  of  the  D(-)  states,  which,  according  to  a  simple  theory 
of  negative-U  centers,  must  be  twice  the  thermal  ionization  energy. 

Thus,  the  Bose  condensation  of  delocalized  electron  pairs  in  the  D(-)  band  arising  from  the 


548 


K.  D.  Tsendin,  A.  V.  Prihod'ko,  B.  P.  Popov 


D(-)  level  may  be  thought  of  as  being  responsible  for  the  superconducting  properties  of  the  selenium 
channel  connecting  HTSC  globules.  It  was  believed  in  [7]  that  the  superconducting  channel  appearing 
upon  switching  in  CGS  samples  with  electrodes 


Ec 

’•  . — .  .  . -  - 

U 


0.28  cV 

0.14eV 

Ev 


Fig.  3.  Band  energy  diagram  of  a-  Se.  The  arrows  show  the  thermal  and  optical  transitions  of 
holes  to  the  D“  states  of  the  negative-U  center.  Two  dark  bands  present  the  bands  of 
delocalized  electron  pairs  -  D“  and  bands,  whose  Bose  condensation  is  responsible  for  the 

superconductivity. 

By  contrast,  in  the  case  in  question,  it  should  be  considered  that  the  channels  between  the  HTSC 
globules  arise  in  samples  prepared  from  a  mixture  of  HTSC  and  a-Se  already  on  applying  a  weak 
measuring  field.  This  distinction  suggests  that  the  role  played  by  globules  located  at  the  channel  ends 
consists  in  reducing  the  field  strength  necessary  for  superconductivity  to  appear  in  the  a-Se  channel.  A 
large  number  of  negative-U  centers  may  exist  in  the  channel  due  to  self-compensation  processes  induced 
by  doping  with  oxygen  [8].  Additional  concentration  of  negative-U  centers  arise  during  the  switching 
effect  in  the  internal  electric  field  or  in  the  weak  external  electric  field  which  is  used  for  current 
observation.  The  superconductivity  in  the  system  of  negative-U  centers  in  the  channel  may  be  induced  by 
superconductivity  phase  transition  in  micro-crystalline  pieces  of  Y iBa2Cu307  which  occupy  two  end  of 
each  channel.  It  was  suggested  in  [7]  that  a  situation  similar  to  that  observed  in  CGS  may  arise  in  organic 
polymers  in  which  negative-U  centers  also,  possibly,  exist.  The  results  of  recent  studies  [9,  10]  confirm 
this  assumption.  In  these  investigations,  as  also  in  the  present  study,  the  superconducting  state  was 
observed  in  channels  of  organic  polymers  connecting  electrodes  made  of  superconducting  metals. 

3.  Conclusion 

The  experimental  evidences  of  possible  high  temperature  superconductivity  in  chalcogenide 
glassy  semiconductor  Se  have  been  revealed  and  discussed  for  samples  which  consist  of  globules  of  well 
known  HTSC  with  YiBa2Cu307  composition  which  are  embedded  in  glassy  Se  matrix.  The 
superconductivity  possibly  takes  place  in  Se  channels  with  linear  dimension  of  several  microns  which 
arise  between  YiBa2Cu307  globules  due  to  may  be  switching  effect.  The  parameters  of  channels 
determined  for  normal  and  superconductivity  states  have  been  described  by  negative-U  centers  model 
rather  well. 
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1.  Introduction 

In  the  present  paper  the  experimental  data  which  evidence  of  increasing  of  superconductivity 
transition  temperature  (Tc)  in  high-temperature  superconductor  of  YBaCuO  system  doped  with 
chalcogenides  have  been  discussed.  The  interpretation  of  experimental  data  has  been  done  in  the  frame  of 
the  negative-U  centers  model.  The  opportunity  of  changing  and,  probably,  increasing  of  temperature  of 
superconducting  transition  in  materials  such  as  YBaCuO  by  replacement  of  atoms  of  oxygen  by  atoms  of 
chalcogenides  is  considered.  It  is  supposed  that  if  someone  could  replace  large  amount  of  oxygen  with 
chalcogenides  (for  example  sulfur)  the  significant  increasing  of  T^  can  be  obtained. 

2.  Theoretical  model  and  calculations 

The  YiBa2Cu307  material  is  the  high-temperature  superconductor,  its  temperature  of  transition  is 
equal  to  w90K.  As  it  is  known,  the  standard  theory  BCS  [1],  describing  superconducting  transition  in 
metals,  explains  processes  in  high-temperature  superconductors  (HTSC)  not  very  well.  So  for  example,  the 
temperature  of  transition  in  BCS  is  described  by  the  formula 

Tc-l,14-h(Odexp(-l/g-v)  (1) 

Where  g  is  a  constant  of  electron-lattice  interactions,  v  -  density  of  electron  states  at  Fermi  level  and 
(Od  -  characteristic  frequency.  If  we  describe  high-temperature  superconducting  transition  with  this 
formula  then  we  obtain  T^  approximately  twice  less  than  experimental  value.  Nowadays  many  alternative 
models  are  created  for  the  HTSC  description.  The  present  approach  are  based  on  concepts  of  the  model  of 
the  localized  pairs  of  electrons  [2]  and  negative-U  center  model  [3].  In  these  models  electronic  pairs,  in 
contrast  to  BCS  theory,  exist  already  at  T  >  Tc.  Using  the  model  [2],  it  is  possible  to  show  how  Tc  is 
changing  with  change  of  the  matrix  element  of  a  electron  transition  from  one  center  of  localization  to 
another.  It  will  be  shown  that  adding  of  chalcogenides  into  superconductor  under  studding  increases  T^. 
This  statement  proves  to  be  true  by  experiments  [4]. 

The  given  model  is  described  by  Hubbard  Hamiltonian 

^  (2) 
Where  nia  =  aj^  •  aj^  are  occupation  numbers,  a,/  and  aio  are  operators  creating  and  annihilating 
electrons  with  spin  o  on  center  i,  and  ty  -  matrix  element  of  transition  between  the  nearest  centers  of 
localization  (negative-U  centers).  It  is  considered  that  U  >  0  and  ty  «  U.  Negative  values  of  -U  lead  to 
attraction  between  electrons  with  opposite  spins  on  the  same  negative-U  center.  At  low  temperatures 
Hamiltonian  (2)  leads  to  occurrence  of  superconducting  correlation  between  electron  pairs.  The  second 
term  of  Hamiltonian  (2)  corresponds  to  kinetic  energy  of  band  movement  (width  of  an  one  electron  band 

»|ty| ),  and  the  first  -  to  interaction  between  electrons  with  energy  U.  In  the  BCS  model  the  width  of  the 

band  is  great,  and  consequently  interaction  is  examined  as  perturbation.  The  main  difference  of 
investigated  model  Irom  the  BCS  model  is  that  the  width  of  the  band  is  considered  small  in  comparison 
with  U,  so  the  second  term  of  Hamiltonian  (2)  is  examined  as  perturbation. 

At  T=0  all  electrons  are  in  the  pairs  localized  on  the  negative-U  centers.  At  T  0  system  represents 
assembly  of  empty  centers,  the  centers  occupied  with  one  electron,  and  the  centers  occupied  with  two 
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electrons.  Number  of  negative-U  centers  occupied  with  one  electron  is  proportional  to  n-exp(-U/T), 
where  n  is  concentration  of  electrons.  When  T  «  U,  amount  of  single  electrons  is  a  very  little  in 
comparison  with  number  of  pairs,  then  concentration  of  single  electrons  can  be  neglected.  In  this  case, 
solving  the  Hamiltonian  (2),  we  are  obtaining  the  formula  (3)  for  temperature  of  superconducting  transition 
[2] 

Tc=W-(l-2v)/ln(v'-l)  (3) 

Where  W=2zt^/U  -  width  of  the  pairs  band,  z  -  number  of  the  nearest  neighbors  of  the  given  center,  v  - 
relative  concentration  of  electronic  pairs  (v  =n/2-N,  N  -  concentration  of  negative-U  centers). 

As  it  is  described  in  the  paper  [3]  electron-lattice  interaction  results  in  negative  correlation  energy 
that  intrinsic  defects  (D),  being  negative-U  centers,  get  a  various  charge  (O'"’®’ ').  Strong  interaction  of  two 
electrons  results  in  that  the  reaction  2D^ — >Z)  +  D  becomes  exothermic.  Such  reactions  may  occur  in 
superconductors  YBaCuO,  they  are  fair  for  atoms  of  copper  and  run  under  the  following  circuit  (4) 

2Cu^* Cu*  +  Cu  (4) 

Presence  of  ions  Cu^^  ’  was  confirmed  experimentally  [5].  From^the  statistical  point  of  view 
reaction  (4)  means  that  ions  of  copper  is  spending  equal  time  in  Cu^^  and  Cu'"  states,  exchanging  charges 
with  neighbors.  It  is  assumed  and  proved  in  [3],  that  states  may  be  considered  as  O'"’  ■’  states  of 

the  negative-U  centers.  This  allows  us  to  count,  that  ions  Cu  in  lattice  YBaCuO  (Fig.  1)  are  the  negative-U 
centers. 


Fig.  1. Structural  lattice  of  YiBa2Cu307. 

Analyzing  the  formula  (3)  it  is  easy  to  see,  that  for  increasing  of  the  it  is  necessary  to  increase  t 
which  is  a  matrix  element  of  electron  transition  from  one  negative-U  center  to  another.  In  structural  lattice 
these  centers  are  separated  from  each  other  by  oxygen  (Cu-O-Cu,  direction  b),  so  it  is  necessary  to 
examine  interaction  between  copper  and  oxygen.  It  is  needed  because  a  direct  matrix  element  of  electron 
transition  from  one  atom  of  copper  to  another  (distanee  between  them  is  3,9A)  is  several  times  less  than 
the  matrix  element  ealculated  for  atoms  Cu  and  O  on  distance  1,95A.  The  matrix  element  of  this  transition 
will  be  approximately  estimated  in  two-nuclear  molecule  CuO. 

Possible  way  of  increasing  t  is  replacement  of  atoms  of  oxygen  by  elements  of  the  same  group.  We 
examine  the  sulfur.  For  calculations  of  the  matrix  elements  of  electron  transition  from  the  copper  ion  to  the 
ion  of  oxygen  or  sulfur  (6)  the  electronic  functions  (5)  entered  by  Slater  [6]  were  used. 

Cu  (Sd-state)  Wcu  =  (-cCu  r/3) 

O  (2p-state)  Wo=x  exp  (-cO-r/2)  (5) 

S  (Sp-state)  Ws=x-r  exp  (-cS-r/3) 

Where  cCu,  cO,  cS  is  the  effective  shielded  charges  for  the  given  elements. 

tcuo-i  ^cu(r)-  H(Wo(f-R))dV 

tcuS=Wc«(r)H(Ws(r-R))dV  (6) 

Where  R  is  a  distance  between  atoms,  H  =  -V^ - ,  cO  in  the  second  integral  (6)  is 

h  >'2 

replaced  by  cS.  Matrix  elements  of  transition  tcuo  and  tcus  are  showing  how  transition  of  electron  changes 
in  process  of  atoms  removal  from  each  other  (Fig.  2).  From  Fig.  2  it  is  seen  (distance  more  than  1,5  A)  that 
realization  of  a  situation  when  the  matrix  element  tcus  for  sulfur  will  be  greater,  than  tc„o  for  oxygen,  can 
be  obtained.  Even  a  small  difference  of  inter-nuclear  distances  in  bonds  CuO  and  CuS  leads  to  significant 
difference  in  values  tco  and  tcus-  For  example,  in  the  lattice  YiBajCuaO,  distance  between  atoms  Cu  and 
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O  1.95A,  SO  tcuo  is  equal  >0.609  Ry.  If  in  the  same  structural  lattice  we  replace  some  of  atoms  of  oxygen 
by  atoms  of  sulfur  we  should  gain  some  increase  of  Tg,  because  the  matrix  element  of  transition  Cu-S  on 
distance  1.95A  is  equal  -0.929  Ry.  In  the  ideal  case  the  transition  temperature  (if  all  atoms  would  be 
replaced)  would  be  increased  by  2.3  times.  But  it  is  not  known  constants  of  a  structural  lattice  for  full 
replacement  of  atoms  O  by  atoms  S.  If  the  constant  b  of  the  lattice  will  decrease,  that  was  shown  in 
experiments  [4],  both  tcuo  and  tcus  significantly  would  increase,  so  Tc  would  be  increased  sharply.  If  inter- 
nuclear  distances  will  increase  (this  conclusion  is  possible,  comparing  molecules  CuO  and  CuS),  Tc  will 
exceed  90K  up  to  some  critical  distance  equal  2,26  A  because  tcus  is  more  than  tcuo-  In  Table  1  matrix 
elements  of  transition  values  of  examined  atoms  in  various  bonds  are  shown.  These  data  shows  that  in 
simple  bonds  absolute  value  tcus  normally  exceeds  tcuo-  As  we  expect,  in  HTSC  will  be  maintained  the 
same  tendency,  and  Tc  will  increase  in  the  case  of  sulfur  addition. 


- CuS 

Fig.  2.  Dependence  of  matrix 
element  of  electron  transition 
from  ion  Cu  to 


Distance,  K 


Fig.  3.  Dependence  of  temperature  of  superconducting 
transition  on  distance  between  ions  Cuand  S  in 
the  structure  YBaCuS. 


3.  Discussion  of  experimental  dat 

The  results  confirming  our  assumption  have  been  obtained  in  the  paper  [4].  In  this  paper  the  small 
amount  of  sulfur  or  selenium  was  added  in  structural  lattice  YiBa2Cu307,  thus  the  temperature  of 
superconducting  transition  was  increased,  and  constants  of  structural  lattice  were  changed  (tab.  2). 
Apparently,  additions  even  a  small  number  of  chalcogenides  caused  substantial  increasing  of  temperature. 
Reduction  of  the  average  inter-nuclear  parameter  b  is  probably  caused  by  local  increasing  of  distances 
between  atoms  of  copper  and  sulfur  in  comparison  with  distances  between  copper  and  oxygen.  Therefore, 
a  lattice  relaxed  distances  between  copper  and  oxygen  have  slightly  decreased,  in  comparison  with  that 
case  where  chalcogenides  is  not  present.  However  it  is  not  necessaiy  to  reject  variant  when  the  distances 
between  atoms  of  the  given  direction  have  decreased  in  comparison  with  initial  structure  everywhere, 
including  atoms  Cu  and  S. 


Table  1 .  Temperature  of  superconducting  transition  depending  on  values  of  matrix  element  of 
transition  at  various  distances  between  atoms  Cu  and  O,  Cu  and  S. 


Structure 

Distance  (b)  between 
atoms  Cu  and  0  (S) 

t,Ry 

To(t),K 

Y  iBa2Cu307 

1.95  A 

-0.609 

90 

CuO 

1.95  A 

-0.609 

90 

CuS  (0) 

1.95  A 

-0.929 

CuS(l) 

2.19A 

-0.680 

112 

CuS  (2) 

2.32A 

-0.556 

75 

In  this  case,  apparently  from  Fig.  2,  it  is  possible  to  expect  for  distances  less  than  1.95  A  substantial 
growth  of  the  Tc  because  of  atoms  Cu  and  S,  Cu  and  O  have  approached  to  each  other  and  the  matrix 
element  of  transition  t  have  grown. 
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Table  2.  Experimental  data  of  temperature’s  of  superconducting  transition  changing  in  case  of 
addition  of  chalcogenide  elements  in  YBaCuO  [4]. 


Structure 

Tc 

AT 

a,  A 

b,  A 

c,  A 

Y  jBa2Cu307_x 

89.5K 

OK 

3.83 

3.89 

11.68 

Y  iBa2Cu307_xSo.ooi 

90.5K 

IK 

3.83 

3.87 

11.67 

Y  iBa2Cu307.xSo,o5 

93K 

3.5K 

3.84 

3.87 

11.62 

Y  jBa2Cu307.xSeo,5 

91K 

1.5K 

We  consider  a  case  when  only  0.05  amount  of  sulfur  (Table  2)  was  added  to  original  structure  and 
the  inter-nuclear  parameter  b  has  decreased  on  0.02A.  It  is  possible  to  make  a  conclusion,  that  distances 
between  ions  Cu  and  O  have  approximately  changed  by  0.01  A.  Then  it  is  possible  to  estimate  how  the 
temperature  will  increase  depending  on  change  of  the  matrix  element  tcuo-  The  tcus  can  be  not  taken  into 
calculation,  because  it  is  much  less  atoms  of  sulfur  than  atoms  of  oxygen  in  this  new  structure. 


= 


^CuO 
V^CuO 


(i.94A)'] 

(i.95A) 


•89.5K  =  93.7K 


(7) 


As  it’s  seen  from  the  formula  (7)  temperature  obtained  theoretically  coincides  rather  well  with 
experimental  one,  which  is  equal  93  K.  Fig.  3  represents  dependence  Tc  on  distance  between  Cu  and  S 
calculated  by  the  formula  the  same  as  (7).  In  this  case  it  is  considered,  that  all  atoms  of  oxygen  are 
replaced  with  atoms  of  sulfur.  It  is  clearly  visible  from  this  diagram  that  the  temperature  sharply  grows 
with  reduction  of  inter-nuclear  distances.  The  peak  is  observed  in  area  near  1.6-1.7A  that  corresponds  to 
changing  of  a  constant  b/2  only  by  0.3A.  For  all  b/2<22k  the  exceeding  of  temperature  is  possible. 


4.  Conclusions 


Clearly,  that  practically  achievement  of  such  temperatures,  as  350K  (the  maximal  value  on  Fig.  3) 
by  the  method  described  in  the  given  work,  most  likely  is  impossible.  First  of  all  in  the  given  work  only 
approximate  calculations  for  estimation  of  Tc  were  used.  However  the  tendency  to  increasing  of 
temperature  is  seen  rather  clearly  and  it  has  proved  to  be  true  and  in  practice. 

We  shall  note  two  possible  variants  of  increasing  Tc,  when  sulfur  are  added  to  YBaCuO,  based  on 
fact  that  the  temperature  of  transition  is  proportional  to  the  quadrant  of  matrix  element  of  transition  t. 

•  the  inter-nuclear  parameter  b  is  increased.  The  temperature  of  transition  grows  because  the  matrix 
element  of  transition  tcus  (distances  between  ions  Cu  and  S  is  less  than  2.26A)  will  exceed  tcuO  for  ions 
Cu  and  O  in  original  structure. 

•  the  inter-nuclear  parameter  b  decreases.  Both  tcus  and  tcuo  are  increased,  therefore,  even  if  full 
replacement  of  oxygen  by  sulfur  is  incomplete,  strong  increase  Tc  is  expecting. 

It  is  necessary  to  note,  that  creating  of  new  structures  is  very  difficult,  because  method  used  for 
creating  usual  HTSC  is  hard  to  apply  for  new  materials.  For  example,  addition  in  YBaCuO  large 
concentration  of  S  or  Se  lead  to  appearance  of  a  new  dielectric  phase,  and  the  samples  lose  the 
superconducting  properties  and  become  isolator. 

We  think  that  it  is  possible  to  rely  on  the  model  of  the  negative-U  centers,  which  qualify  coincides 
with  experiments  [4].  If  estimation  of  Tc,  which  was  calculated  using  of  this  model,  is  true,  creating  of 
superconductors  with  temperature  of  transition  more  than  1 1  OK  is  possible. 
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New  glass  forming  systems  based  on  Sb203-SbP04  has  been  explored.  These  glasses  present 
higher  thermal  stability  against  devitrification  and  higher  refractive  index  than  chalcogenide 
glasses.  Under  irradiation,  using  Ar-laser  350nm  wavelength  and  50  mW  power  density, 
change  on  the  coloration  is  observed.  Structural  and  electronic  modifications  around  Sb 
cations  induced  by  such  treatment  have  been  characterized  by  XANES  measurements  at  the 
L-Sb  edges.  On  the  one  hand,  XANES  spectra,  at  the  L3  edge,  show  a  decrease  of  the 
coordination  number  for  Sb  atoms  induced  by  exposure  to  light  indicating  a  breaking  of  Sb-O 
bonds  in  the  glassy  network.  On  the  other  hand,  XANES  spectra,  at  the  Lj  edge,  suggest  a 
change  in  the  oxidation  state  of  Sb  atoms.  These  modifications  associated  to  the 
photodarkening  of  the  glass  is  reversible  either  after  a  couple  of  days  or  after  heating  the  glass 
at  the  glass  transition  temperature,  Tg. 
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1.  Introduction 

Heavy  metal  oxide  based  glasses  have  been  the  subject  of  several  studies  [1].  Particularly, 
antimony  oxide  glasses  have  been  studied  as  they  present  extended  infrared  transmission  [2].  Several 
studies  have  been  focused  on  optical  properties  mainly  non  linear  optical  properties  as  they  present 
higher  refractive  index  [3,4]. 

Several  photoinduced  processes  have  been  reported  in  oxide  glasses.  It  is  known  as 
photoexpansion,  photodarkening,  etc.  The  phenomenon  allows  the  fabrication  of  different  phase 
structure  as  example,  the  Bragg  grating  obtained  by  photoimprinting  a  periodic  index  modulation 
[5,6].  The  photosensitivity  may  led  also  the  fabrication  of  miniature  thin  film  by  directly  writing  a 
channel  waveguide  in  a  photosensitive  wafer  without  the  use  of  chemical  process  as  photoresist  or 
etching.  For  oxide  systems,  in  the  case  of  silica  glasses  a  volume  change  is  observed.  Several  studies 
are  reported  on  thin  film  Sb2S3  in  view  of  its  photosensitive  and  thermoelectric  properties  [7].  In  our 
Knowledge,  no  studies  are  reported  in  the  literature  on  photoinduced  phenomenon  on  antimony  oxide 
glasses.  A  photocontration  effect  is  recently  observed  on  thin  film  81)283  under  UV  irradiation  [8].  In 
this  sense  antimony  based  glasses  may  also  be  photosensitive  under  irradiation.  One  of  the  reasons 
that  can  be  considered  is  the  lone  pair  present  in  the  trivalent  antimony  ions.  The  presence  of  this  lone 
pair  in  the  amorphous  network  could  be  accountable  for  break  and  formation  of  bonds  during 
exposure. 

This  work  reports  the  investigation  of  new  glass  compositions  which  could  be  photosensitive 
materials.  The  structural  behaviors  of  the  binary  8b203-8bP04  glass  systems  before  and  after 
irradiation  have  been  particularly  studied,  using  mainly  as  structural  tools  the  XANE8  spectroscopy. 

2.  Elxperimental 

2.1.  Glass  preparation 

8tarting  materials  used  for  glass  preparation  are  8b203(  Acros  99%)  and  8bP04.  8bP04  is 
prepared  in  the  lab  by  mixing  8b203  and  H3P04(85%).  Details  of  this  preparation  is  reported  on  ref. 
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[9].  Synthesis  were  carried  out  by  melting  starting  materials  in  glassy  carbon  crucibles  in  electrical 
furnace  for  10  minutes  at  700-1000  °C.  Then  the  melt  was  cast  and  glass  samples  were  obtained  upon 
cooling.  For  less  stable  glasses,  melt  was  quenched  between  two  brass  pieces,  which  lead  to  samples 
of  1  mm  or  less  in  thickness.  Sample  thickness  can  reach  10  mm  for  compositions  less  prone  to 
devitrification  by  casting  the  melt  into  a  brass  mould  preheated  around  Tg.  Large  samples  were 
annealed  around  this  temperature  for  two  hours  to  reduce  thermal  stresses. 

2.2.  Physical  measurements 

Characteristics  temperatures  (Tg  for  glass  transition  temperature,  Tx  for  onset  of 
crystallisation  and  Tp  for  maximum  of  crystallisation  peak)  were  determined  by  differential  scanning 
calorimeter  (DSC)  using  a  SEIKO  SSC/5200H  equipment.  The  estimated  error  on  the  temperature  is  2 
K  for  glass  transition  and  onset  of  crystallisation  which  are  obtained  from  tangents  intersection  and  1 
K  for  the  position  of  the  crystallisation  peak.  Powdered  samples  were  set  in  aluminium  pans  under  N2 
atmosphere  at  10  K/Min  heating  rate.  Infrared  transmission  spectra  were  recorded  with  a  BOMEM 
Michelson  Spectrophotometer  in  the  400-4000  cm"'  range.  Ultraviolet  transmission  spectra  between 
800  and  200  nm  were  obtained  using  a  Varian  spectrophotometer  Cary  5.  The  irradiation  process  was 
performed  at  LURE  (Orsay,  France)  by  exposing  the  samples  to  a  Ar-laser,  with  wavelength  of 
350nm  and  50  mW  power  density.  Sb  L-edge  XANES  measurements  have  been  carried  out  at  LURE 
(Orsay,  France)  on  the  D44  beam  line  using  a  Si(l  1 1)  double  crystal  monochromator  detuned  by  60®/o 
in  order  to  reject  the  harmonics.  Measurements  have  been  done  in  TEY  (Total  Electron  Yield)  in 
grazing  incidence  (~5®)  in  order  to  collect  electronic  and  structural  information  on  the  surface  (about 
0.6-0. 8pm)  of  the  glasses.  Energy  calibration  has  been  checked  by  using  a  Titanium  foil  (4966.0  eV) 
recorded  between  each  glassy  sample.  Sb-La  edge  (4132  eV)  spectra  were  collected  over  340  eV  with 
an  energy  step  of  0.3  eV  and  counting  time  of  3s  whereas  Sb-Li  edge  spectra  (4698  eV)  were 
recorded  over  1 00  eV  with  an  energy  step  of  0.3eV  and  counting  time  of  Is.  For  each  sample  several 
scans  were  recorded  to  improve  the  signal-to-noise  ratio.  SbaOa  and  SbP04  powdering  samples 
deposited  onto  millipore  membranes  were  recorded  in  TEY  as  reference  compounds.  The  absorption 
background  was  subtracted  from  the  rough  XANES  spectra  using  a  linear  function.  Them  spectra 
were  normalised  far  from  the  edge  in  a  range  of  pure  atomic  absorption  (4243.5  eV  for  Sb-L3  edge 
and  4774.3  eV  for  Sb-L,  edge). 


3.  Results 

3.1.  Vitreous  domain 

Fig.  1  present  the  vitreous  domain  of  the  binary  system  Sb203-SbP04.  The  limits  of  the  glass 
region  wei-e  determined  using  quenching  technique. 


100% 

86203 


100% 

SbP04 


Q  Glass 
#  Ceramic 


Fig.  I.  Vitreous  domains  of  the  binary  glass  system. 

3.2.  Thermal  analysis 

Table  1  summarizes  the  characteristics  temperatures  obtained  from  DSC  curves  for  the  more 
stable  glass  composition.  We  have  also  included  the  thermal  stability,  Tx-Tg,  used  as  parameter  to 
evaluate  the  glass  stability  against  devitrification.  DSC  curves  are  shown  in  the  Fig.  2  for  binary 
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glasses.  From  Table  1,  we  can  observe  an  increase  in  the  Tg  values  as  the  SbP04  concentration 
increases. 


Fig.  2.  DSC  curves  the  binary  systems. 

Table  1.  Chemical  glass  compositions,  characteristics  temperatures  and  stability 
parameter  for  binary  system. 


Samples 

Glass  Compositions  (mol  %) 

Characteristics  Temperatures  (°C) 

Tx-Tg 

Sb203 

SbP04 

WO3 

Tg 

Tx 

Tp 

Tx-Tg 

Sbpl 

90 

10 

- 

265 

312 

333 

47 

Sbp2 

80 

20 

- 

287 

349 

373 

62 

Sbp3 

70 

30 

294 

372 

394 

79 

Sbp4 

60 

40 

- 

317 

424 

472 

107 

Sbp5 

50 

50 

- 

318 

411 

457 

93 

Sbp6 

40 

60 

- 

325 

400 

451 

75 

Sbp7 

30 

70 

- 

334 

396 

403 

62 

3.3.  Optical  properties 

Optical  spectra  of  these  glasses  are  presented  in  Fig.  3  from  UV  to  infrared  range.  Absorption 
band  observed  at  3400  cm'*  can  be  attributed  to  stretching,  v  of  the  0-H  bonds.  The  absorption  band 
around  2000  cm'*  corresponds  to  multiphonons  absorption  of  the  O-P-0  bonds,  from  the  antimony 
orthophosphate.  Also,  we  may  note  that  the  band  gap  of  the  binary  glass  appears  around  35000  cm’* 
(350  nm). 


Fig.  3.  Optical  window  in  the  UV-visible  range  for  the  glass  compositions  Sbp4. 
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3.4.  Laser  irradiation  and  XANES  data 

Sb  Lj.edge  data  refer  to  transitions  from  level  towards  empty  d  and  s  states.  The  pre-peak 
in  the  rising  edge  (  =  4138  eV)  is  attributed  to  2p3/2~>5sa*  transition  whereas  the  main  absorption  at 
higher  energy  {4145  eV)  as  interpreted  as  2p3/2  ->5d  transition.  Correlations  between  the  surface  of 
pre-peak  and  Sb  coordination  polyhedron  are  well  established’.  Roughly  speaking  a  decrease  of  the 
pre-peak  surface  means  an  increasing  mean  coordination  number  for  Sb  atoms  as  evidenced  on  the 
Sb  O3  and  SbP04’.  Sb  L,-edge  data  refer  to  transitions  from  2s  level  towards  empty  p  states.  The 
position  of  the  rising  edge  is  informative  of  the  oxidation  state  of  antimony  ”  whereas  the  intensity  of 
the  white  line  4704  eV)  and  the  shape  above  the  white  line  is  strongly  dependent  on  the  short  and 
medium  range  order  around  Sb.  For  Sb203  and  SbP04  compounds  both  rising  edges  are  located  at  the 
same  energy  («  4702.3  eV)  attesting  to  the  same  trivalent  state  for  Sb  whereas  the  general  shape  is 
very  different  due  to  the  different  coordination  patterns. 

During  the  irradiation  by  a  laser  of  50  mW  for  seveal  hours  a  change  in  the  coloration  of  the 
samples  (they  pass  from  yellow  to  brownish)  has  been  observed  but  this  phenomenon  is  not 
permanent  and  disappears  some  hours  late.  Such  effect  has  been  long  known  as  photodarkemng.  We 
present  herein  the  XANES  results  obtained  on  two  binary  glasses,  the  Sbp3  and  Sbp4  compositions, 
exposed  for  4  and  6  hours,  respectively.  XANES  characterizations  on  the  irradiated  Sbp4  sample  have 
been  performed  immediately  after  irradiation  when  the  photodarkening  is  always  present,  whereas 
XANES  characterizations  on  the  irradiated  Sbp3  sample  were  carried  out  several  days  after 
irradiation.  Then  the  color  is  turned  back  to  yellow.  On  the  one  hand,  drastic  changes  in  the  shape  of 
both  Sb  Lj-  and  L,-  edges  are  observed  for  the  irradiated  Sbp4  sample  compared  to  the  non-irradiated 
film  as  displayed  in  Figs.  4a  and  5a,  respectively.  According  to  the  above  interpretations  for  the 
references,  the  XANES  results  at  the  Ls-edge  clearly  evidence  that  a  change  in  the  coordination 
polyhedron  of  Sb  occurs  by  irradiation.  Furthermore,  the  appearance  of  a  shoulder  at  ~  3  eV  above  the 
white  line  at  the  LpSb  edge  could  be  the  evidence  of  a  partial  oxidation  state  change  from  Sb(IIl)  to 
Sb(V)  upon  irradiation.  Indeed  such  energy  position  is  in  agreement  with  the  energy  of  the  white  line 
for  Sb(V)  cations  reported  in  the  literature  [1 1].  On  the  other  hand,  the  structural  modifications  around 
Sb  after  irradiation  for  the  Sbp3  sample,  reported  in  Figs.  4b  and  5b,  are  smaller  than  those  observed 
on  the  Sbp4  sample.  We  note  a  faint  change  of  the  pre-peak  intensity  at  the  Lj-Sb  edge  after 
irradiation  and  some  modifications  in  the  shape  of  the  XANES  resonances  above  the  white  line  at  the 
Li-Sb  edge.  Both  effects  are  indicative  to  small  changes  of  the  local  and  medium  order  around  Sb 
cations.  Furthermore  the  oxidation  state  of  Sb  is  always  III. 


. “As-prepared  Sbp4 


*“ As-prepared  Sbp3 


Fig.  4  -  XANES  spectra  recorded  at  the  Ls-Sb  edge  for  a)  Sbp4  and  b)  Sbp3. 
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a)  b) 


Fig.  5  -XANES  spectra  recorded  at  the  L|-Sb  edge  for  a)  Sbp4  and  b)  Sbp3. 

After  the  XANES  eharacterizations,  the  Sbp4  sample  was  immediately  heated  for  15  hours,  in 
electrical  furnace,  near  Tg.  The  XANES  spectra  recorded  after  the  heat  treatment  are  superimposable 
to  the  spectra  of  the  non  irradiated  sample  indicating  a  reversible  character  of  the  photoinduced 
phenomenon  providing  that  an  ad-hoc  thermal  treatment  was  carried  out. 

4.  Discussion 

Homogenous  glasses  with  higher  thermal  stability  have  been  obtained  with  the  incorporation 
of  polyphosphates.  This  may  be  noted  from  Table  1  data,  which  indicate  higher  value  of  the 
difference  (T^  -  Tg)  with  the  incorporation  of  orthophosphate.  This  behavior  can  also  be  noted  from 
Fig.  1,  which  indicates  a  large  domain  of  vitrification  in  the  binary  system.  It  seems  that  the 
vitrification  is  easier  with  the  addition  of  SbP04,  if  we  assume  that  isolated  PO4  exist  in  the  glass.  The 
glass  transition  temperature  increases  with  increase  of  orthophosphate.  This  can  be  linked  with  the 
polymerization  of  the  glass  network  due  to  the  high  concentration  of  P04'^  groups.  Beside  that,  both, 
the  temperature  of  onset  of  crystallization  and  the  maximum  of  crystallization  values  increase  from 
Sbpl  to  Sbp4  (see  Table  1). 

Samples  under  irradiation  in  the  wavelength  region  of  the  absorption  edge  with  50  mW  power 
density  shown  a  photodarkening  effect.  This  effect  is  not  permanent  and  disappears  rapidly  and  glass 
samples  regain  its  original  transmitivily.  We  have  evidenced  by  XANES  measurements  on  the  Sbp4 
sample  that  the  photodarkening  phenomenon  induces  a  breaking  of  Sb-0  bonds  in  the  glassy  network: 
the  mean  coordination  number  of  Sb  in  the  irradiated  film  decreases  compared  to  the  non-irradiated 
film.  Furthermore,  the  results  at  the  Li-Sb  edge  suggest  also  a  change  in  the  oxidation  state  of  Sb.  The 
XANES  investigation  on  this  sample  shows  also  that  the  structure  is  totally  restored  after  heating  near 
Tg.  The  XANES  results  reported  for  the  Sbp3  sample  strongly  indicates  that  the  stronger  structural 
and  electronic  modifications  occur  during  the  photodarkening  phenomenon.  When  the  darkening  has 
disappears  the  oxidation  of  antimony  ions  is  equal  to  III  as  evidenced  by  the  shape  of  the  Li  white 
line. 

Many  publication  report  studies  on  the  photosensitivity  behavior  of  glasses.  Such  processes 
are  used  for  several  purposes  as  light  modulators,  sun-glasses  or  glare  protection  glasses  [12,13].  In 
such  glasses  the  mechanism  responsible  of  the  photoinduced  effect  is  related  to  high  concentration  of 
defect  centers  and  a  high  concentration  of  vacancies  which  are  caused  by  considerable  local  energy 
absorption.  Consequence,  these  can  lead  to  irreversible  as  well  reversible  changes  in  the  structure  and 
some  properties  as  refractive  index. 

In  our  case,  the  structural  effect  is  reversible  as  shown  in  Fig.  4  and  5.  Annealing  in  the  region 
of  the  glass  transition  temperature  restores  the  L|  spectra  to  the  original  position. 
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5.  Conclusion 

New  photosensitive  glasses  have  been  synthesized  and  characterized  in  the  binary  glass 
system  Sb203-SbP04.  We  have  shown  that  phosphates  increase  the  thermal  stability  of  the  glass 
samples.  Photodarkening  effect  is  observed  after  irradiation  and  is  not  permanent.  XANES 
measurement  indicate  that  the  photoinduced  effect  can  be  related  to  defect  centers  originated  by  a 
change  on  the  oxidation  number  of  antimony. 
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S  Nd>"'mTr  IMVC  been  measured  in  vitreous  materiais  doped 

270  V‘  Ihtrc  ^  thermolummescence  shows  a  broad  band  with  a  maximum  at 

?adltion  Thpl  ^  continuous  distribution  of  electron  traps  induced  by  ionizing 

and  wavelength  shows  a  structured  behavior  with  two  glow  peaks  at  270  “C 

maS  f  contradictor^  behavior  has  been  explained  by  the  ListLce  in  thS 

recomhinaln  lffiT  T  J  F  P®^®  interpreted  as  being  due  to 

Diip  tA  th  eleefrons  released  from  electron  traps  with  0^'  and  Nd^"^  hole  centers 

Due  to  the  high  stability  of  the  defects  induced  by  the  radiation  observed  S 
thermolummescence  measurements,  this  material  could  be  used  as  a  new  radiation  detetor 
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1.  Introduction 

ru  .  aPPJ'cability  in  the  field  of  radiation  detection  and  dozimetrv  the  family  of 

the  materials  which  presents  thermoluminescence  peaks  under  X-irradiation,  grows  continuously  ^ 

Recpntl  frequently  used  materials  are  composites  with  ciystalline  powders  in  plastic  matrix 

partm canalized  on  glass  materials  doped  with  metals^from  the  raie 
earth  family  (Nd  and  Eu  being  the  most  frequently  used). 

For  binaiy  silicate  glasses  having  the  composition  71.5%  SiOj  and  28.5%  Na,0  there  were 

reported  [1]  two  thermolummescence  peaks  at  75  “C  and  at  125  "C,  for  moderate  irradiation  doses  In 

betwe'^the  ^  ‘readiation  doses,  it  was  reported  a  single  peak  situated  at  an  intermediate  temperatuL 
(between  the  ^o  temperatures  previously  mentioned).  <.ci.iperciiure 

cii.Vof  T  has  reported  a  maximum  of  the  thermoluminescence  intensity  at  130  °C  for 

400  nt  and  5?0  coiresponding  emission  spectrum  prints  1  peak 

at  400  nm  and  520  nm  respectively.  It  was  suggested  that  the  400  nm  peak  is  due  to  the  electrons 
recombination  with  trap  centers  represented  by  O"’  holes  and  that  the  520  nm  peak  corresponds  to  the 
recombination  with  trap  centers  represented  by  Nd®^  holes. 


2.  Experimental  results  and  discussions 


This  paper  presents  the  results  of  the  photoluminescence  and  thermoluminescence 

“nS:  BuchatfV  of  the  N^ona 

Glass  Instdute,  Bucharest,  Romania.  Measurements  have  been  performed  at  the  National  Institute  of 

~ed  usTn'r’  ^  X-iJdiation,  the  thennoIumilce“wat 

measured  using  an  experimental  equipment,  the  heating  rate  being  1.12  deg/sec.  For  the 

fotoluminescence  measurements,  standard  equipment  was  used. 
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Fig.  1  presents  the  global  thermoluminescence  curve  (a),  the  thermoluminescence  curve  (b) 
for  a  Schott  Jena  optical  filter  UG3  transmitting  in  the  ‘‘blue”  spectral  zone  and  the 
thermoluminescence  curve  (c)  for  a  Schott  Jena  optical  filter  VG6  transmitting  in  the  “yellow” 
spectral  zone. 

The  aspect  of  the  (a)  curve  is  typical  for  amorphous  materials  having  a  continuous 
distribution  of  the  electronic  trap  energy  levels.  Table  1  presents  the  kinetic  parameters  obtained  by 
fitting  the  experimental  curve  with  the  theoretical  one.  The  analytical  expression  for  the  theoretical 
curve  is: 

.(T)=-|  =  S'n^exp(-i:]  (.) 

where  I  =  the  luminescence  intensity; 
n  =  the  free  trap  concentration; 
b  =  the  kinetic  order; 

S’  =  the  fre  ency  factor; 

E  =  the  acti\  ition  energy. 


100  200  300  400  500 

Temperature  (°C) 

Fig.  1 .  The  thennoluminescence  intensity  at  room  temperature  for  the  X-irradiated  Nd^'’ 

silicate  laser  glass. 


Table  1 .  Calculated  kinetic  parameters. 


The  used  method  was  the  “best  fit”  by  the  approximation  of  the  experimental 
thermoluminescence  curve  with  the  sum  of  five  individual  peaks  (Fig.  2).  The  obtained  results  give 
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some  qualitative  information  about  the  range  of  the  activation  energy.  For  the  studied  glass  this  range 
is  1 .0  -  1 .8  eV,  moderately  shifted  compared  with  the  reported  0.89  -  1 .72  eV  activation  energy  range 
for  silicate  optical  filters  [2].  Another  difference  is  in  the  intensity  and  repartition  of  the  peaks. 


Temperature  (®C) 

Fig.  2.  The  decomposition  of  the  thermoluminescence  curve  using  the  “best  fit”  method: 

a)  Experimental  curve 

b)  Theoretical  curve 


Wavelength  (nm) 


Fig.  3.  The  photoluminescence  of  the  Nd^^  silicate  laser  glass. 

The  left  part  of  Fig.  3  presents  the  excitation  of  the  photoluminescence  and  the  right  one,  the 
emission.  It  can  tje  seen  that  the  excitation  of  the  emission  bands  is  situated  in  the  spectral  zone  where 
the  material  begins  to  absorb.  This  zone  is  known,  in  the  crystalline  materials  terminology,  as  the 
fundamental  band  edge.  In  emission,  a  peak  situated  at  400  nm  and  a  “shoulder”  at  440  nm  are 
observed.  The  observed  thermoluminescence  using  optical  filters  that  transmit  at  4oo  nm  (Fig.  lb)  and 
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450  nm  (Fig.lc)  respectively,  presents  different  appearance.  This  indicates  that  the  energy  levels  of 
the  recombination  centers  have  a  discrete  character. 

The  large  number  of  the  chemical  components  of  the  investigated  glass  could  explain  a 
continuous  distribution  of  the  electronic  trap  levels. 

The  luminescence  at  400  nm  and  440nm  are  done  by  the  electron  recombinations  with  trap 
centers  represented  by  0^‘  and  Nd^"^  holes  respectively.  This  interpretation  is  in  accordance  with  the 
results  presented  in  [1]. 


3.  Conclusions 

The  positioning  of  the  global  luminescence  curve  in  a  relatively  high  temperature  range 
demonstrates  the  thermal  stability  of  the  defects  induced  by  irradiation.  This  observation  indicates  that 
the  investigated  glass  could  be  used  as  a  new  radiation  detector  material. 
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Multilayered  structures  of  a“Si/Si02  sequences  were  deposited  using  a  magnetron  sputtering 
system,  where  Si  atoms  are  sputtered  in  an  Ar-02  mixture.  All  samples  have  the  same  total 
thickness  (250nm)  and  the  thickness/layer  is  between  2  nm  and  16  nm.  The  purpose  of  this 
paper  is  to  investigate  the  inhomogeneity  of  these  films  and  its  limit.  The  sample  composition 
and  thickness  were  investigated  by  conventional  Rutherford  backscattering  spectrometry 
(RBS),  high  resolution  RBS  using  a  magnetic  spectrograph  and  elastic  recoil  detection  (ERD). 

The  analysis  of  the  conventional  RBS  and  ERD  spectra  has  revealed  that  samples  with 
16  nm/layer  consists  of  a-Si/Si02  sequences.  The  high-resolution  RBS  measurements  have 
also  shown  a  multilayered  structure  for  samples  with  a  smaller  layer  thickness.  The 
composition  of  the  Si02  layers  for  samples  with  4  and  2  nm/layer  is  more  SiO^  like,  with 
different  values  of  the  x  parameter.  It  seems  that  the  interface  region  is  dominant  for  these 
samples  with  4  nm/layer  and  less.  The  structural  study  is  completed  with  the  ESR 
measurements,  which  revealed  two  paramagnetic  species  attributed  to  a-Si  dangling  bonds  and 
E’  centers  respectively.  The  latter  are  characteristic  for  Si02  material.  We  found  that  a-Si  DBs 
are  present  in  all  samples,  irrespective  of  the  layers  thickness.  Their  spin  density  amounts  to 
about  lO^^cm"^.  In  contrast,  the  E’  centers  are  not  present  in  the  sample  with  2  nm/layer. 

(Received  May  20,  2001;  accepted  June  1 1,  2001) 
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1*  Introduction 

The  era  of  nano-technologies  and  nano-devices  offers  challenging  fields  to  scientists.  As  a 
result,  in  the  last  decade  many  studies  have  been  devoted  to  multilayered  structures  of  amorphous 
semiconductors.  There  is  an  equal  interest  in  these  layered  films  for  both  fundamental  physics  and 
applications.  A  very  interesting  aspect  is  how  the  structure  of  each  layer  from  the  stack  influences  the 
physical  properties  of  the  complete  structure.  Some  amorphous  materials  from  the  chalcogenide  glass 
family  (e.g.  InSe)  show  particularities  as  each  layer  is  fonned  in  sublayers  in  a  well-known  sequence 
(e.g.  Se-In-In-Se)  /!/.  Materials  from  the  family  of  silicon  are  structurally  organized  within  a 
tetrahedral  basic  cell  built  around  a  silicon  atom.  The  Si-Su  structure  has  Si-Si  bond  length  of  2.38A 
while  Si-04  is  characterized  by  Si-0  bond  of  1.66A  I2L  This  mismatch  at  the  Si02/Si  interface,  in  a 
structure  with  thin  layers,  will  play  an  important  role  in  the  behavior  of  the  microelectronic  devices. 

One  very  important  step  in  the  structural  study  is  the  compositional  determination  with  a  high 
accuracy.  Using  the  ~  MeV  ion-beam  analysis  techniques,  the  elemental  composition  of  layers  can  be 
probed  as  a  function  of  depth  by  analyzing  the  spectra  of  scattered  or  recoiled  ions.  The  typical  depth 
resolution  near  the  surface  varies  from  5-10  nm  for  conventional  methods  to  better  than  1  nm  using  a 
dedicated  high  resolution  instrument.  The  concentration  of  the  atoms  of  which  a  thin  layer  consists 
can  be  obtained  on  an  absolute  scale.  No  information  is  obtained  about  the  chemical  environment  of 
the  probed  atoms.  The  most  popular  ion-beam  analyses  techniques  used  to  investigate  semiconductor 
layers  are  Rutherford  backscattering  spectrometry  (RBS)  and  elastic  recoil  detection  (ERD). 

The  nature  and  the  quantity  of  defects  from  the  material  structure  are  also  very  important  for 
structural  characterization.  Electron  spin  resonance  (ESR)  is  a  technique  used  to  determine  the 
paramagnetic  dangling  bond  defects. 
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In  this  paper  we  present  results  of  ion  beam  analyses  methods  and  ESR  on  a-SiOa/a-Si  multilayer 
structures.  Combining  the  RBS  and  ERD  results  with  those  from  ESR  measurements  we  will  find  a 
limit  where  the  a-SiOj/a-Si  sequences  can  be  resolved. 

2  Experimental 

2.1.  Sample  preparation 

Multilayers  of  a-SiOa/a-Si  were  deposited  in  a  sputtering  system  equipped  with  a  13.56  MHz 
r.f.  magnetron  source  using  a  power  of  140  W.  The  deposition  chamber  was  pumped  down  to  a  base 
pressure  of  less  than  2- 10’’  mbar  before  the  plasma  gas  was  introduced.  Silicon  atoms  were  sputtered 
from  a  polycrystalline  silicon  target.  When  the  SiOa  layers  were  deposited,  the  oxygen  line  was 
opened.  The  ratio  between  Ar  and  Oa  flows  was  80;  1 .  For  the  next  a-Si  layer  the  oxygen  line  was 
closed  while  the  plasma  runs  continuously  with  the  same  argon  flow.  In  this  way  samples  with  2,  4,  8 
and  16  nm/layer  were  deposited.  In  order  to  obtain  sharper  interfaces,  samples  with  a  layer  thickness 
of  2  nm  and  4  nm  were  also  deposited  by  a  procedure  in  which  for  each  layer  the  following  steps  have 
been  done:  i)  a  basis  pressure  of  2' 10’’  mbar;  ii)  the  plasma  gasses  were  introduced  (the  ratio  Ar/0 
was  80/1  for  Si02  layers  and  for  a-Si  layers  was  80/0);  iii)  turn  on  the  plasma  and  keep  it  to  obtain  the 
desired  thickness.  We  denote  these  samples  as  "plasma  on/off  and  the  first  series  of  samples  as 
"plasma  on".  During  deposition  the  pressure  was  5.6  pbar.  The  distance  between  target  and  sampler 
holder  is  6  cm.  All  samples  were  deposited  on  both  c-Si  wafer  (for  ion  beam  analyses)  and  corning 
glass  (for  ESR)  at  room  temperature. 

2.1.  Measurement  techniques 

Rutherford  Backscattering  Spectrometry  uses  a  beam  of  light  ions,  usually  He  or  H,  with 
high  energy  (0.5  -  3  MeV),  which  scatter  from  the  nuclei  in  the  measured  layer  (target)  /3/.  The 
number  and  energy  of  scattered  ions,  usually  at  a  backward  angle,  in  the  direction  of  a  particular 
detector  are  determined.  RBS  is  used  with  success  to  determine  the  concentration  depth  profiles  of 
heavy  atoms  in  a  matrix  of  light  atoms.  The  relations  between  the  energies  and  mass  numbers  for 
elastic  scattering  is  determined  by  the  kinematics  of  the  collision.  An  important  parameter  is  the 
stopping  power  defined  as  the  energy  loss  divided  by  the  atomic  areal  density  of  the  target  (eV/(10'* 
at/cm’)).  This  parameter  determines  the  depth  sensitivity  and  the  depth  resolution.  The  stopping  cross 
section  data  have  been  collected  in  the  Ziegler's  tables  /4/.  Due  to  the  statistical  nature  of  the  stopping 
process  the  amount  of  energy  lost  per  unit  length  fluctuates.  For  a  path  length  t  this  spread,  called 
energy  straggling  increases,  with  t’’’.  The  RBS  spectra  are  analyzed  using  a  computer  program  which 
calculate  the  spectra  for  an  assumed  sample  composition  taking  into  account  the  effects  of  straggling, 
detector  resolution,  multiple  scattering,  etc  /5/.  Comparing  the  calculated  spectra  with  the  measured 
one,  in  successive  approximation  the  absolute  concentration  depth  profiles  for  elements  from  the 
sample  are  obtained. 

Fig.  1  shows  the  RBS  spectra  for  a  SiOz  thin  film  deposited  by  sputtering  on  c-Si.  The  depth 
resolution  near  the  surface  is  determined  by  the  detector  resolution  (15  keV),  while  at  a  larger  depth, 
de  resolution  is  mainly  determined  by  energy  straggling.  In  this  figure  the  contributions  of  Ar,  a 
heavier  element  than  Si  (the  host  matrix)  and  of  O  a  lighter  element  are  well  visible.  We  have  to  note 
that  the  RBS  sensitivity  is  poor  for  light  elements  (orbs  ~  Z’,  a  is  the  cross  section  that  characterize 
the  collision  event,  Z  is  the  atomic  number).  Also  RBS  based  on  He  ions  has  a  limited  mass 
resolution  and  it  is  difficult  to  resolve  isotopes  or  neighbouring  elements.  The  solutions  for  this 
problems  are  given  by  ion-beam  analyses  techniques  by  ERD  and  high  resolution  RBS  (HR-RBS). 
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Fig.  1 .  The  RBS  spectrum  of  Si02  layer  deposited  on 
c-Si.  The  position  of  the  surface  edges  for  Si,  O,  N 
and  Ar  are  indicated.  The  primary  beam  consisted 
of  2  MeV  He''  ions. 


Residual  Energy  (kchannel) 


Fig  2.  ERD  spectra  of  a  contaminated  SiO^  layer 
measured  with  a  AE-E  ionization  chamber.  The 
separation  between  elements  and  the  depth  for 
each  element  are  revealed. 


Elastic  Recoil  Detection  fERD^  uses  the  information  about  the  collision  between  the  incident 
ion  and  the  target  atoms  contained  in  recoiled  ions.  Because  momentum  is  conserved,  the  detection 
necessarily  occurs  at  forward  angles.  The  advantages  of  RBS  are  preserved  by  ERD  (good 
quantitative  character,  depth  resolution,  non-destructive  technique)  and  more,  the  sensitivity  for  light 
elements  is  strongly  enhanced.  In  ERD  heavy  ion  (Si,  Ag,  Cu)  beam  of  tens  of  MeV's  are  used.  The 
ERD  setup  at  Utrecht  University  is  connected  to  a  6  MeV  EN  Tandem  Van  de  Graaff  Accelerator.  A 
AE-E  ionization  chamber  with  Frisch  grid  is  used  as  detector  /6/.  The  entrance  window  of  the  detector 
is  a  2  p.m  metalized  Mylar  foil  which  separates  the  24  mbar  iso-butane  in  the  ionization  chamber  from 
the  vacuum  in  the  scattering  chamber.  The  anode  of  the  detector  is  composed  of  two  segments:  a  6 
cm  segment  for  AE  signal  and  a  17  cm  segment  for  the  E  signal.  In  this  way  a  total  energy  spectrum 
for  each  light  element  is  constructed  from  a  two-dimensional  AE-E  spectrum.  The  depth  resolution  is 
comparable  with  the  resolution  obtained  with  RBS  but  the  mass  separation  is  enhanced.  Figure  2 
shows  an  example  of  ERD  spectrum  for  a  contaminated  SiOx  layer.  Elements  as  C,  N,  O,  F  and  Si  are 
well  separated.  The  number  of  atoms  per  cm^  of  the  light  elements  in  the  film  is  obtained  by 
comparing  the  yields  in  the  different  features  with  those  of  a  reference  thin  film  with  a  known 
abundance  of  one  of  the  light  elements.  When  no  spectral  overlap  occurs,  the  minimum  detectable 
amount  of  the  considered  elements  is  better  than  lO'^  at.cm'^. 

High  Resolution  RBS  IHR-RBSI  spectra  can  be  obtained  using  a  magnetic  spectrograph  also 
installed  at  Utrecht  University.  It  consists  of  a  quadrupole  lens,  a  Wien  filter  and  a  90“  dipole  magnet 
with  field  corrections.  The  setup  from  Utrecht  University  was  built  in  such  a  way  that  the 
spectrograph  together  with  the  main  chamber  (UHV  chamber)  can  be  rotated  along  a  circular  rail 
within  0“  and  120“.  The  chamber  is  connected  with  a  transfer  system  with  a  preparation  chamber 
equipped  with  a  load-lock  facility.  The  fields  in  the  components  of  the  spectrograph  can  be  set  by  a 
computer  and  can  be  tuned  to  select  one  ion  species  with  given  mass  and  charge  to  pass  through  the 
spectrograph.  A  two-dimensional  position-sensitive  detector  (energy  versus  angle)  images  one  charge 
state  of  a  selected  ion  species  scattered  from  the  sample.  An  energy  range  of  10%  of  the  nominal 
energy  E  is  resolved  with  an  energy  resolution  AE/E  of  9  xlO"'*  that  can  be  translated  into  a  depth 
resolution  at  the  surface  of  6A  111. 

For  comparison,  we  propose  the  spectra  of  the  same  multilayered  sample  (a-Si/Si02  with  8 
nm/layer)  obtained  with  conventional  RBS  (figure  3)  and  HR-RBS  (figure  5).  The  first  spectrum  does 
no  show  any  multilayered  structure,  the  HR-RBS  spectrum  reveals  the  8  nm  of  a-Si  and  Si02 
respectively.  The  depth  resolution  of  HR-RBS  allows  to  determine  the  composition  and  the  thickness 
of  each  layer  from  the  structure. 
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To  analyze  our  samples  we  used  these  three  techniques  in  the  following  circumstances:  i)  The 
conventional  RBS  measurements  were  done  with  a  2.4  MeV  He^  beam.  The  angle  between  the 
incoming  beam  and  the  sample  surface  was  «=65®.  The  detector  was  placed  under  an  angle  of  ^120 
with  the  beam  direction,  ii)  ERD  measurements  were  performed  using  a  primary  beam  of  50  MeV 
Cu^’  incident  at  20"  with  the  surface  of  the  sample  and  a  recoil  angle  of  30".  iii)  in  HR-RBS  a  He^ 
beam  of  800  keV  in  a  configuration  with  cr=35®  and  ^140®  was  used. 

The  structural  study  was  completed  with  ESR  measurements  that  were  performed  using  a 
Bruker  ESP  300  system.  All  samples  were  measured  at  room  temperature  and  the  microwave  power 
was  1.68mW. 


3.  Results  and  discussions 

3.1.  Ion  beam  analyses 

The  conventional  RBS  spectra  of  multilayered  a-Si/Si02  samples  with  2,  4,  8  and  16  nm/layer 
are  shown  in  Fig.  3.  From  this  figure  it  is  deduced  that  silicon,  oxygen  and  argon  are  present  in  the 
layer  structure.  From  previous  experiments  on  single  layers  we  know  that  the  argon  concentration  is 
1 .6%  for  Si02  layers  and  2.9%  for  a-Si.  Its  presence  in  the  layer  is  explained  by  implantation  of  argon 
ions  fronr  the  plasma  during  deposition.  As  can  be  seen,  only  the  spectrum  of  the  sample  with  layer 
thickness  of  16  nm  presents  a  multilayered  structure.  The  simulation  using  the  RUMP  computer  code 
confirms  the  composition  of  a-Si  and  Si02.  Because  of  the  limited  depth  resolution,  all  other  samples 
with  a  layer  thickness  up  to  8  nm  have  an  unresolved  RBS  spectrum.  All  these  spectra  are  similar  with 
spectra  of  single  a-SiOx  layers,  i.e.  x  is  averaged  over  all  layers  from  the  deposited  stack.  For 
sequences  of  a-Si/Si02  this  average  value  ofx  should  be  the  same  indifferently  on  the  individual  layer 
thickness.  As  Fig  3  shows  and  the  simulation  confirms,  <x>  decreases  with  decreasing  the  layer 
thickness.  This  means  that  the  Si02  composition  changes  into  SiOx  and/or  the  interface  layer  has  a 
dominant  contribution.  Similar  results  are  obtained  from  ERD  measurements  as  Fig.  4  shows. 
Because  in  ERD  no  interfering  background  signal  is  present,  small  changes  of  the  oxygen  contents 
can  be  determined.  As  we  have  seen  in  the  previous  chapter  the  ERD  depth  resolution  for  thin  films 
is  about  10  nm.  Therefore,  the  multilayered  stiuctures  with  smaller  layer  thickness  can  not  be  seen, 
but  the  advantage  of  the  method  is  a  more  accurate  determination  of  the  <x>  value. 
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Fig.  3.  Conventional  RBS  spectra  of  a-Si/SiOj  Fig.  4.  Oxygen  spectra  obtained  by  ERD  measurements 

multilayered  structure.  The  total  thickness  of  for  samples  with  RBS  spectra  in  Fig.  3. 

the  stack  is  256nm  and  the  layer  thickness  is 
indicated  on  each  spectrum. 
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Using  HR-RBS  the  composition  of  each  layer  from  the  multilayered  stack  can  be  determined. 
The  results  of  these  measurements  are  presented  in  figure  5  where  the  structure  of  the  first  18  nm 
depth  is  resolved.  The  measurement  conditions  were  chosen  in  such  a  way  to  have  both  the  Si  and  the 
O  signal  in  each  spectrum.  This  is  very  helpful  in  the  simulation  process.  The  RUMP  fit  for  each 
spectrum  gives  the  composition  and  the  thickness  of  the  layers  as  they  are  presented  in  Table  1.  We 
firstly  note  that  the  results  of  conventional  RBS  and  ERD  are  confirmed:  the  composition  of  "SiOa" 
layers  is  altered  and  SiOx  (with  x<2)  is  obtained  for  layer  with  thickness  up  to  4  nm.  Thus  instead  of 
2  oxygen  atoms  per  1  silicon  atom  (which  is  normal  for  Si02)  an  average  of  1 .3  oxygen  atoms  for 
“Si02”  4  nm/layer  and  0.8  oxygen  atoms  for  2  nm/layer  was  obtained.  This  means  that  the  oxygen 
amount  necessary  to  built  Si02  was  not  reached  in  a  “Si02”  deposition  time  of  20  sec  and  10  sec 
respectively  (Si02  rate  deposition  is  12  nm/min) .  We  have  to  note  that  these  depositions  were  made 
with  continuously  silicon  sputtering  and  the  oxygen  line  was  "opened"  and  "closed"  at  the  right 
moment  to  grow  Si02  layers  of  desired  thicknesses.  When  the  oxygen  atoms  reach  the  deposition 
surface  the  oxidation  reaction  is  immediate,  taking  into  account  the  reactivity  of  both  the  oxygen 
atoms  and  the  new  deposition  surface.  The  Si  spectrum  of  a-Si  layer  (see  Fig.  5)  is  slightly 
asymmetric:  the  edge  that  corresponds  to  the  moment  of  "close"  the  oxygen  line  is  steeper  than  the 
edge  of  "open".  The  RUMP  simulation  reveals  that  this  is  a  straggling  effect. 


Fig.  5.  HR-RBS  spectra  of  samples  with  2, 4  Fig.  6.  A  comparison  of  2  nm/layer  samples  deposited 

and  8  nm/layer.  The  multilayered  structure  is  by  "plasma  on”  and  “plasma  on/ofP’  procedures.  With 

shown  in  the  Si  depth  profile.  On  the  top  of  “plasma  on/off’  the  O  amount  in  “Si02”  layer  increases, 

the  3-rd  a-Si  layer  (2nm)  is  the  O  profile  from  but  there  is  O  in  a-Si  layers,  too. 

the  1-st  Si02  layer  . 


In  order  to  obtain  more  information  about  the  deposition  process  of  Si02  films  with  a  layer 
thickness  up  to  4  nm  we  have  repeated  the  deposition  of  samples  with  4  nm  and  2  nm/layer  but  for 
each  layer  the  deposition  was  separately  started  (“plasma  on/off’  procedure).  A  comparison  of  HR- 
RBS  spectra  of  2  nm/layer  samples  deposited  by  the  two  procedures  described  above  is  shown  in 
figure  6.  Large  differences  can  be  observed: 

-  in  "plasma  on/off '  there  is  an  oxygen  contamination  of  the  a-Si  layers,  and 

-  the  "Si02"  layers  are  richer  in  oxygen  than  the  similar  "plasma  on"  layers  (SiOj  4  instead  of 

SiOo.g). 
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Table  1 .  The  composition  and  the  areal  thickness  for  each  layer  from  the  a-Si/Si02  stacks 

obtained  fitting  HR-RBS  spectra. 


8  nm/layer 

4  nm/layer 

2  nm/layer 

Laye 
r  nr 

Si 

Ar 

Thickness 
( at.  cm'^) 

0 

Thickness 
(  at.  cm'^) 

O 

Thickness 
( at.  cm'^) 

O 

1 

1 

0.05 

30-10" 

2 

15  -10" 

1.3 

13  -10" 

1.2 

2 

1 

0.03 

26  10" 

0 

14-10" 

0 

6-10" 

0 

3 

1 

0.05 

14-10" 

1.3 

9-10" 

0.8 

4 

1 

0.03 

14  -10" 

0 

5.5  -10" 

0 

5 

1 

0.05 

12-10" 

1.2 

7-10" 

0.8 

6 

1 

0.03 

6-10" 

0 

7 

1 

0.05 

9-10" 

0.8 

8 

1 

0.03 

i 

7-10" 

0 

9 

1 

0.05 

9-10" 

0.8 

The  amount  of  10%  oxygen  in  a-Si  layers  is  the  result  of  the  oxidation  of  the  Si  surface  after 
the  oxygen  line  was  opened  while  the  plasma  was  switched  off.  An  oxygen  rich  veiy  thin  layer  is 
formed  at  the  surface,  during  the  pumping  time.  Oxygen  molecules  are  also  adsorbed  on  the  vessel 
walls  and  sputter  target  during  the  growth  of  SiOa  layers.  When  the  deposition  of  the  new  a-Si  layer 
starts,  the  sputtering  process  will  begin  with  an  oxidized  surface  of  the  target.  These  are  the  oxygen 
sources  which  could  explain  the  oxygen  content  from  the  front  edge  of  silicon  spectrum.  When  the  a- 
Si  deposition  is  finished,  the  silicon  surface  is  very  reactive.  Between  the  moment  when  the  gases  for 
the  SiOj  layer  are  introduced  in  vessel  and  the  moment  when  plasma  is  in  equilibrium  conditions  there 
is  a  period  of  time  when  high  concentration  oxygen  is  built  on  the  surface.  The  ion  bombardment 
and/or  the  oxidation  process  will  determine  silicon  atoms  to  “diffuse”  towards  the  new  surface.  In  this 
way  the  a-Si  layers  deposited  in  “plasma  on/off  procedure  are  thinner  than  that  deposited  in  “plasma 


3.2.  Defects:  ESR 

An  ESR  experiment  reveals  the  paramagnetic  defects  from  the  sample.  Generally  the 
derivative  absorption  of  microwave  power  is  measured  as  a  function  of  the  magnitude  of  an  externally 
applied  magnetic  field.  In  Fig  8  the  spectrum  of  the  samples  with  8  nm/layer  is  shown.  As  can  be  seen 
two  types  of  defects  are  present  and  they  are  characterized  by  their  g  factor  values  /8/.  The  defect 
density  and  the  g  values  associated  with  these  defects  are  obtained  by  deconvolution  of  the  spectra 
using  two  Lorentzian  lineshapes.  They  are  shown  in  table  2.  We  note  that  a  g  value  of  2.0055  is 
assigned  to  a-Si  dangling  bond  defects  (DB)  while  2.0012  is  due  to  E'  defects  from  Si02/8/.  As  can  be 
seen  from  the  table2,  the  a-Si  DB  defects  are  identified.  Their  density  of  spins  increases  when  the 
individual  layer  thickness  decreases.  The  g  values  that  we  found  for  this  type  of  defect  are  smaller 
(2.0048  instead  of  2.0055)  because  of  oxygen  surroundings.  Concerning  the  second  type  of  defects, 
the  g  value  associated  slightly  increases  and  its  Lorentzian  line  becomes  broader  for  thinner  layer  in 
the  stack.  This  can  be  due  to  different  surroundings  of  03=Si-  defect  entity  191.  Very  interesting  is  the 
evolution  of  the  density  of  spins  associated  with  this  defect;  it  decreases  for  the  sample  with  4 
nm/layer  and  can  not  be  detected  for  that  with  2  nm  /layer.  This  is  in  good  agreement  with  the  results 
of  HR-RBS  where  no  Si02  was  found  for  those  samples.  However  it  should  be  noted  that  using  ESR 
only  minority  sites  concerning  defects  are  detected.  The  lack  of  OssSi-  defects  could  also  indicate  a 
more  preferential  existence  of  defects  near  Si  clusters.  As  it  is  shown  in  /lO/,  by  varying  the 
microwave  power  we  have  reached  the  value  where  the  E’  defects  were  saturated.  This  experiment 
has  allowed  us  a  better  separation  between  the  two  defects  types. 
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B  (Gauss) 


Fig.  7.  ESR  spectrum  of  multilayered  samples  with  8  nm/layer.  With  arrows  are  indicated  the 
a-Si  DB  and  E’  contributions  at  the  spectrum 


Tabel  2,  The  values  of  the  g  factor  and  the  spin  density  as  they  result  from  the  ESR  spectra  analysis. 


Thickness 

(nm/layer) 

gi 

g2 

Bsl 

(spins/cm^) 

ns2 

(spins/cm^) 

8 

2.00486 

2.00138 

2.82-10“ 

8.74-10“ 

4 

2.00474 

2.00158 

2.99-10“ 

4.54-10“ 

2 

2.00486 

^  5.73  -10“ 

- 

4.  Conclusions 

From  the  results  on  our  a-Si/SiOa  multilayered  samples  we  summarize: 

i)  The  ion  beam  analysis  techniques  are  competitive  to  determine  the  stoichiometry  and  the 
areal  thickness  of  thin  layers.  Conventional  RBS  and  ERD  reveal  layers  with  geometrical  thickness 
larger  than  1 6  nm.  Best  results  are  obtained  using  a  combination  of  both  RBS  (for  elements  with 
larger  atomic  mass)  and  ERD  (for  elements  with  smaller  mass)  and  to  correlate  their  results  in  the 
region  of  the  mass  where  the  two  techniques  overlap. 

High  resolution  RBS  using  a  magnetic  spectrograph  has  revealed  layers  with  a  thiekness  of  2  nm. 

ii)  With  our  sputtering  deposition  system  we  used  two  procedures  in  order  to  obtain  layers  as 
thin  as  possible  of  a-Si  and  Si02.  The  thinnest  a-Si  layer  in  a  stack  of  a-Si/SiO:  which  is  resolved  by 
HR-RBS  is  2nm  while  for  Si02  we  found  4  nm. 

iii)  The  deposition  procedure  "plasma  on/off  gives  higher  oxygen  concentrations  in  “Si02” 
layer  from  the  staek,  but  introduces  also  a  small  amount  of  oxygen  in  a-Si  layers. 

iv)  ESR  measurements  show  a  convolution  of  two  Lorentzian  absorption  lines.  One  of  this 
can  be  identified  as  defects  in  silicon  reach  environment  and  the  other  one  seems  to  be  associated  with 
defects  in  Si02  clusters. 
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CHARACTERIZATION  OF  THE  Sb203  THIN  FILMS  BY  X  -RAY  SCATTERING 


C.  Gheorghie?,  L.  Gheorghie? 
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Thin  films  of  Sb203  have  been  prepared  by  thermal  sputtering  on  a  substrate  of  Si02.  The  X- 
ray  scattering  experiment  from  the  Sb203  films  was  accomplished  using  a  reflectometer.  It 
consists  of  an  X-ray  source,  a  curbed  multilayer  monochromator  on  the  incident  beam  side,  a 
slit  in  front  of  the  sample  mounted  on  the  center  of  the  circle  of  the  goniometer  and  two  slits 
preceding  the  detector  on  a  circle  of  the  diffracted  beam  side.  Specular  X-ray  scattering  is 
sensitive  normal  to  the  sample  surface.  It  provides  vertical  structural  structure  parameters  (the 
density  and  roughness  of  the  substrate  and  the  density,  thickness  and  roughness  of  the  Sb203 
layers  on  top  of  the  Si02  substrate).  The  scanning  of  the  surface  was  done  at  an  incidence 
angle  of  the  X-ray  is  in  the  range  of  0-8®  and  the  reflected  intensity  was  recorded.  The 
specular  and  diffuse  X-ray  scattering  obtained  from  the  deposed  thin  films,  having  different 
thickness,  represent  a  method  that  is  sensitive  to  density  contrasts  and  can  therefore  be  applied 
to  all  sorts  of  unpatterned  surfaces  and  layered  structures.  It  is  applicable  to  structures  on  the 
nanometer  scale  and  roughnesses  on  the  subnanometer  scale.  The  obtained  data  have  shown 
that  at  lest  ultrathin  Sb203  layers  reveals  a  gradated  layer  structure.  The  results  can  be  used  in 
controlling  of  the  thin  layers  fabrication,  thickness  determination  that  have  to  rely  upon 
densities  and  optical  constant  of  layers. 

(Received  May  25,  2001;  accepted  June  1 1,  2001) 

Keywords:  Sb203  thin  films,  X-ray  diffraction 

1.  Introduction 

The  dielectric  and  semiconductor  industry  is  increasing  the  wafer  diameter  for  integrated 
circuit  fabrication  from  200  mm  to  300  mm.  According  to  Moore’s  law,  the  geometry  of 
semiconductor  devices  is  further  reduced.  The  hystogram  presented  in  Fig.  1  presents  the  progress  of 
the  “technology”  in  electronic  industry  [1,  2].  Frequently,  the  value  of  roughness  is  determined  by 
atomic  force  microscopy.  The  value  of  roughness  is  important  due  to  fact  that  in  semiconductor 
technology,  the  gate  length  presents  a  decreasing  tendency  from  250nm  to  180  nm.  In  consequence, 
the  gate  layer  needs  further  perfection  by  reducing  the  interface  and  surface  roughness. 


0  Technology  generation  0  Gate  oxid  thickness 
□  Wafer  diameter  |  Roughness,  tbd  =  to  be  determined 

Fig.  1 .  The  progress  of  technology  and  its  consequences. 

2.  Sandwich  structure 

A  sandwich  structure  is  obtained  by  sputtering  method  and  is  typically  in  case  of  a  transistor. 
The  transistor  performance  is  determined  primarily  by  three  parameters:  gate  length,  gate  dielectric 
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thickness  and  junction  depth.  Fig.  2  displays  the  schematic  setup  of  a  dielectric  thin  films  deposited 
on  a  substrate  having  a  typical  microgeomety.  For  example,  the  thin  gate  oxides  with  oxide  thickness 
<  10  nm,  the  Si  /Si02  interface  structure  and  the  SiOa  surface  structure  affect  the  insulating  function 
of  the  Si02  layer  [5].  More  than,  the  channel  mobility  of  electrical  charge  becomes  smaller  with 
increasing  Si  /Si02  interface  roughness.  Therefore,  surfaces  and  interfaces  have  to  be  carefully 
monitored  during  wafer  processing  to  keep  them  chemically  clean  and  physically  smooth  [7]. 


Fig.  2.  Setup  of  a  Si/Si02  used  in  a  MOS  transistor. 

The  physical  stmcture  of  surfaces  and  ultrathin  layers  has  emerged  as  a  critical  concern.  For 
layer  thickness  <  5  nm  and  surface  and  interface  roughness  on  the  subnanometer  scale,  some  standard 
methods  of  surface  inspection  and  thickness  control  operate  partly  at  their  capability  limits. 

3.  Investigation  methods 

A  surface  roughness  value  of  0.1  nm  is  not  far  from  the  noise  level  of  atomic  force 
microscopy  [3].  Ellipsometry,  a  widely  appreciated  method  to  determine  layer  thickness,  is  not  able  to 
quantify  thickness  of  changes  of  optical  constants  within  thin  layers  [7,  8].  To  avoid  confusion,  one 
has  to  keep  in  mind  that  the  detection  limit,  which  is  frequently  quoted  to  demonstrate  the  sensitivity 
of  methods  like  atomic  force  microscopy.  X-ray  photoelectron  spectroscopy  or  ellipssometry,  refers  to 
the  lower  limit  of  qualitative  detection  of  thin  layers  and  roughness  under  ideal  conditions  [5,  6].  X- 
ray  scattering  from  surfaces  and  thin  layers  is  a  valuable  tool  to  determine  structure  on  the  nanometer 
scale  quantitatively  and  nondestructively.  Its  application  to  downsized  semiconductor  features  of  the 
near  future  is  based  on  the  weak  interaction  of  subnanometer  X-ray  waves  with  matter.  The  sensitivity 
of  X-ray  to  lateral  and  vertical  density  changes  allows  one  to  investigate  surface  as  well  as  bulk 
properties  of  samples.  In  this  way,  the  intensity  and  angular  distribution  of  scattered  X-ray  allows  one 
to  calculate  surface  and  interface  roughness,  densities  as  well  as  density  profiles,  thicknesses  of  layers 
and  lateral  properties  such  as  the  surface  correlation  length  and  the  fractal  dimension. 

4.  Surface  parameters 

For  the  Sb203/Si02  sample  investigation,  it  is  recommended  to  use  the  fractal  description  of 
surface.  Fig.  3  provides  a  surface  profile  that  changes  its  appearance  because  of  changing  fractal 
parameters.  In  figure,  the  mentioned  parameters  are:  L  is  the  correlation  length,  h  is  the  hurst 
parameter  and  D  is  the  fractal  dimension.  The  surface  roughness,  a,  denotes  the  half-width  of  the 
distribution  of  height  fluctuations  (z-zo)  at  the  mean  height  (zo)  of  the  surface.  For  the  Sb203/Si02 
surface,  the  distribution  can  be  described  as  a  Gaussian.  The  parameters  L  and  h  provide  information 
on  the  lateral  structure  of  surfaces.  As  can  be  seen,  the  correlation  length,  /,  is  a  measure  for  the  length 
scale  where  <t  does  not  change  any  more.  The  Hurst  parameter,  h,  can  be  understood  by  comparing 
the  three  surface  profiles  in  Fig.  3,  where  crand  L  are  kept  constant.  A  decrease  of  h  can  be  described 
by  an  increase  of  high-frequency,  low-amplitude  contributions  to  the  surface  profile. 

The  decrease  of  h  does  not  affect  o;  although  the  surface  profile  looks  more  jagged  for  lower 
h.  For  surfaces  in  general,  D  calculated  to  D  =  3-h.  D  can  be  explained  as  a  measure  for  the  capacity 
of  a  fractal  object  to  fill  the  space  in  which  it  is  embedded. 


Characterization  of  the  Sb203  thin  films  by  X  -ray  scattering 
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Fig,  3.  Fractal  pai*ameters  of  a  roughness  surface. 


5.  Instrumentation 

The  X-ray  scattering  experiment  from  the  Sb203/Si02  surface  was  accomplished  at  the 
reflectometer  displayed  in  Fig.  4.  It  consists  of  an  X-ray  source;  a  curved,  graded  multilayer  mirror  on  the 
incident  beam  side;  a  slit,  Sy,  in  front  of  the  sample  mounted  onto  the  Q  circle  of  the  goniometer;  and  two 
slits  S2,,  S3  preceding  the  detector  on  the  20  circle  of  the  diffracted  beam  side. 

The  X-ray  source  was  a  sealed  1.0  kW  Cu  tube  providing  an  10  mmxO.05  mm  line  focus  at  a  6° 
take-off  angle.  The  line  focus  was  positioned  in  the  focus  of  the  parabolically  curved,  grade  multilayer 
mirror  acting  as  beam  condenser.  Additionally,  the  mirror  plays  role  of  monochromator  and  separates  the 
CuKai  and  CuKa2  lines  for  the  scattering  experiments.  For  small  scattering  angles,  no  further  energy 
resolution  was  necessary.  The  resulting  wavelength  was  0.154  nm.  The  purpose  of  Si  was  to  cut  out  a  0,2 
mmxlOmm  part  of  the  incident  beam  for  the  scattering  experiment.  By  reducing  the  beam  width  from  1 
mm  to  0,2  mm  by  Sy,  the  intensity  decreased  by  a  factor  of  five.  This  meant  a  loss  for  specular  X-ray 
scattering,  but  it  was  necessary  for  the  measurement  and  the  interpretation  of  diffuse  X-ray  scattering.  On 
the  diffracted  beam  side,  S2  reduced  the  background  scatter.  S2  was  set  to  0.4  mmxlO  mm,  and  S3  was  set 
to  0.3  mmxlO  mm.  With  this  setup  and  an  instrumental  angular  resolution  of  0.06*^,  the  primary  beam 
intensity  received  at  the  scintillation  counter  detector  was  10^  cps.  Eight  orders  of  magnitude  proved  to  be 
sufficient  for  the  characterization  of  smooth  Sb203/Si02  surfaces. 


< - L  - 

-> 

6.  Experiments,  results  and  discussion 

Specular  X-ray  scattering  is  sensitive  normal  to  the  sample  surface.  It  provides  vertical  structure 
parameters,  i.e.,  the  density  and  roughness  of  the  Sb203  surface  as  well  as  the  density,  thickness  and 
roughness  of  top  of  Si02.  The  Fig.  4  displays  the  scattering  geometry.  By  increasing  the  scattering 
signal  is  recorded  by  the  detector  at  the  angular  position  0=0.  The  intensity  distribution  vs.  0,  appears  as 
a  decreasing  curve  from  0  =  0°  up  to  0  =  8°.The  exact  shape  of  the  specular  signal  is  determined  by  the 
vertical  structure  parameters.  To  get  information  about  the  lateral  structure  of  the  surface,  the  diffuse 
scattering  has  be  measured.  Hereby,  the  angle  between  incoming  beam  and  outgoing  beam  (20)  remains 
fixed.  The  angle  between  incoming  beam  and  sample  surface  (Q)  is  changed  from  Q  =  0^  to  Q  =  1.5^,  The 
sharp  peaks  in  the  middle  of  the  diffuse  scattering  curves  {Cl=€^  belong  to  the  specular  scattered  Intensity. 
The  respective  width  of  0.03°  is  determined  by  the  instrument  angular  resolution  of  the  setup. 


The  specular  scattered  signal  has  some  distinct  features:  From  0=  0°  to  0=  0,2°  the  intensity  is 
nearly  constant,  with  a  count  rate  of  10^  cps.  The  negative  slope  of  the  signal  is  affected  by  parameters 


574 


C.  Gheorghiej,  L.  Gheorghie? 


such  as  the  Sb203  surface  roughness,  the  Sb203/Si02  interface  roughness,  the  density  contrast  between 
Sb203  and  Si02  and  the  thickness  of  the  Sb203  layer.  The  diffuse  scattered  signal  originates  solely  in  the 
imperfections  of  samples.  With  no  surface  or  interface  roughnesses,  there  would  be  no  diffuse  scattering. 
The  small  peaks  on  either  side  of  the  diffuse  scattering  curves  in  Fig.  5  originate  from  total  external 
reflection;  they  are  called  Yoneda  wings.  With  the  exception  of  the  shape  specular  peaks,  the  shape  of  the 
diffuse  scattering  curves  is  determined  mainly  by  the  Sb203  surface  roughness,  by  the  lateral  coirelation 
length  of  the  surface  and  by  its  fractal  dimension.  The  linear  grading  affects  the  roughness  value  of  the 
Sb203/Si02  interface.  With  0.02  nm,  the  interface  roughness  is  below  the  determination  limit  of  the  X-ray 
scattering  method.  The  thickness  value  of  the  Sb203  layer  of  3.0nm  demonstrates  the  sensitivity  of  the  X- 
ray  scattering  method  to  ultrafin  structures  <10  nm.  An  intensity  of  10^  cps  should  be  sufficient  to  quantify 
even  thinner  layers.  The  surface  correlation  length  of  1 45  nm  shows  that  the  X-ray  scattering  model  is  wel 
suited  to  characterize  dielectric  structures  on  the  nanometer  scale,  even  laterally.  The  grading  of  the  S.Onm 
Sb203  layer  is  the  most  important  result  obtained  from  specular  X-ray  scattering.  This  finding  is  supported 
by  the  diffuse  X-ray  scattering  measurements  where  the  scattering  signal  turns  out  to  be  sensitive  mainly  to 
the  Sb203  surface  shape.  The  Sb203/Si02  interface  looses  its  scattering  contrast  because  of  Sb203  layer 
grading,  which  starts  at  Sb203/Si02  and  ends  at  the  Sb203  surface.  The  layer  grading  reveals  that 
oversimplified  assumptions  about  the  homogeneity  of  thin  layers  need  to  be  reconsidered.  The  density 
values  of  the  graded  Sb203  are  4.88  g/cm^  at  the  interface  and  4.36  g/cm^  at  the  surface.  Compared  to  the 
oxide’s  theoretical  density  of  5.65  g/cm^,  the  measured  values  are  very  small  but  quite  common  for  natural 
oxides.  The  effect  of  the  thickness  and  homogeneity  on  the  deposed  layer  on  the  specular  scattered  X-ray 
curve  is  presented  in  the  same  Fig.  5.  Up  to  0  =  3°,  and  within  an  intensity  range  of  seven  orders  of 
magnitude,  both  models  yield  appropriate  fits  to  the  experimental  data.  Between  0  =  3“  and  0  =  8°,  the 
models  differ. 

7.  Effects  of  surface  parameters  on  device  performance 

As  mentioned,  real  structure  parameters  affect  the  proper  performance  of  downsized  a  sanwich 
structures.  A  bite  further  away  from  mainstream  science,  theorist  have  already  shown  the  dependence  of 
oxide  growth  on  fractal  dimension,  which  has  been  confirmed  by  experiment.  The  precise  control  of 
growth  processes  is  crucial  for  the  fabrication  of  ultrathin  layered  structures,  and  therefore,  investigations 
of  appropriate  models  to  describe  growth  processes  on  atomic  scales  under  nonequilibrium  conditions 
continue.  The  homogeneity  of  the  oxide  density  determines  the  dielectric  constant  of  the  oxide.  In  this 
way,  undesigned  density  changes  of  the  thin  layer  can  degrade  its  insulating  function. 

8.  Conclusions 

1.  In  this  paper,  it  is  shown  that  for  Si02  wafers  with  an  ultrathin  Sb203  layer  on  top.  X-ray 
scattering  is  a  method  for  future  quality  control  in  the  front-end  processes  of  dielectric  production..  The 
method  is  sensitive  to  density  contrasts  and  can  therefore  be  applied  to  all  sorts  of  unpattemed  surfaces  and 
layered  structures.  X-ray  scattering  is  nondestructive  and  it  is  applied  to  structures  on  the  nanometer  scale 
and  roughnesses  on  the  subnanometer  scale.  Because  of  its  sensitivity  to  density  fluctuations.  X-ray 
scattering  reveals  the  inner  density  structure  of  ultrathin  layers. 

2.  The  results  have  shown  that  at  least  ultrathin  Sb203  layers  reveal  a  graded  layer  structure.  The 
precise  knowledge  of  the  latter  is  critical  for  the  fabrication  of  thin  layers,  and  it  is  crucial  for  other  method 
of  thickness  determination  that  have  to  rely  upon  densities  and  optical  constants  of  layers. 

3.  X-ray  scattering  should  can  be  considered  as  a  standard  methods  for  ultrathin  layer  and 
surface/interface  characterization. 
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The  silicon  oxynitride  (SiOxNy)  films  have  several  applications  in  opto-  and  micro-electronics 
technology:  thin  gate  dielectrics,  optical  wave  guides  and  membranes  for 
microelectromechanical  systems  (MEMS).  In  some  applications  it  is  necessary  a  controllable 
variable  refractive  index  of  the  silicon  oxynitride  films.  In  others,  the  defect  density  at  the  Si/ 
a-SiOxNy  interface  should  be  well  controlled.  This  paper  deals  with  these  issues  and  an 
investigation  of  the  relationship  between  deposition  parameters  and  the  physical  properties  of 
the  a-SiOxNy  films  is  done.  Amorphous  silicon  oxynitride  films  of  various  compositions  were 
deposited  by  low-pressure  chemical  vapor  deposition  (LPCVD)  at  temperature  around  SOO^C 
and  400  mTorr,  using  mixture  of  SiCl2H2-NH3-N20.  The  investigations  on  optical  and 
electrical  properties  of  the  samples  were  made  using  spectroellipsometry  and  capacitance- 
voltage  measurements.  Optical  and  microstructural  parameters  of  the  films  were  calculated 
from  spectroellipsometry  data  using  different  approaches  (Bruggeman-EMA,  Cauchy, 
Sellmeier  and  Wemple-Di  Domenico).  The  refractive  index  dispersion  curves  were  well  fitted 
with  both  the  Cauchy  and  the  Sellmeier  theoretical  models.  The  equivalence  between  the 
parameters  that  characterize  the  two  models  is  established.  As  the  Wemple  and  Di  Domenico 
approximation  applied  to  our  samples  has  shown,  the  optical  band  gap  values  decrease  with 
the  increase  of  the  nitrogen  content  in  the  SiOxNy  films.The  analyses  of  1  MHz  capacitance- 
voltage  characteristics  revealed  low  densities  of  the  interface  traps.  This  is  attributed  to  the 
nitrogen  incorporation  at  the  SiOxNy/Si  interface,  which  leads  to  suppression  of  interface  trap 
generation. 

(Received  May  20,  2001;  accepted  June  1 1, 2001) 
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1.  Introduction 

The  low  pressure  chemical  vapour  deposition  (LPCVD)  silicon  oxynitride  (SiOxNy)  films 
have  several  applications  in  microelectronics  and  optoelectronics  industry:  passivating  coatings  [1-6], 
thin  gate  dielectrics  [2]  and,  membranes  and  optical  wave  guides  for  microelectro-mechanical 
systems  (MEMS)  [3].  Controllable  variable  refractive  index  of  the  silicon  oxynitride  films,  which  are 
of  growing  interest  in  integrated  opto-electronical  devices,  resistance  to  oxidation,  low  mechanical 
stress  are  some  properties  of  these  films. 

This  paper  presents  the  correlation  between  deposition  parameters,  material  properties  and 
internal  structure.  The  investigation  on  optical  and  electrical  properties  was  made  using 
spectroellipso-metry  (SE)  and  the  analyses  of  1  MHz  capacitance-voltage  characteristics.  In  order  to 
calculate  the  optical  and  microstructural  properties  of  the  films  from  SE  data,  we  used  three  different 
approaches:  Bruggeman-EMA  [7]  Cauchy  and  Sellmeier  [8  ]. 

2.  Experimental  details 

LPCVD  silicon  oxynitride  thin  films  were  deposited  on  3-inch  (100)  p-type  silicon  wafers. 
The  a-SiOxNy  films  were  formed  by  reacting  dichlorosilane  (SiH2Cl2)  with  nitrous  oxide  (N2O)  and 
ammonia  (NH3).  The  total  deposition  pressure  was  400  mTorr.  Relative  gas  flow  ratio  r=Qfj^o/QNH3  > 

deposition  temperature  and  pressure  have  a  great  influence  on  the  film  composition.  Two  of  these 
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parameters  were  varied  during  our  experiments:  the  relative  gas  flow  ratio  was  between  0  and  8  for 
860°C  deposition  temperature;  keeping  the  r  parameter  constant  (r=3.5)  the  deposition  temperature 
was  increased  from  820‘’C  to  880°C.  We  have  also  deposited  the  silicon  nitride  films  from 
dichlorosilane  and  ammonia  (NH3)  at  800°C  using  a  relative  gas  flow  ratio  SiH2Cl2  /  NHj  =  0.25. 
Before  deposition,  the  substrates  were  chemically  cleaned  using  a  10  %  HF  solution  in  order  to 
remove  the  native  oxide. 

The  film  thickness,  the  dispersion  of  the  refractive  index  and  optical  gap  were  determined 
using  spectroscopic  ellipsometry  in  320-800  nm  wavelength  range.  All  SE  measurements  were  done 
at  an  incidence  angle  of  70°. 

For  electrical  characterization  of  LPCVD-SiOxNy  films,  conventional,  room  temperature  1 
MHz  C-V  technique  was  applied.  For  this  purpose,  metal-insulator-silicon  (MIS)  capacitors  were 
formed  by  vacuum  thermal  evaporation  of  aluminum  dots  onto  SiOxNy  surface  through  a  metal  mask, 
while  onto  silicon  backside  continuous  A1  film  was  evaporated.  The  effective  dielectric  charge 
density  (Qeir)  vvas  calculated  from  the  flat  band  voltage  shift  in  the  1  MHz  C-V  curves.  The  interface 
traps  density  (Du)  was  estimated  from  the  comparison  of  the  1  MHz  experimental  with  the 
corresponding  ideal  C-V  characteristics. 

3.  Results  and  discussions 

The  most  significant  optical  properties  in  amorphous  materials,  the  optical  gap  (Eg)  and  the 
refractive  index  (n)  are  obtained  using  the  SE  measurements.  Normally,  both  of  them  depend  on  the 
composition  of  the  films.We  have  calculated  the  coefficients  x  and  y  in  the  SiOxNy  formula  using 
Temple-Boyer  formula  (error  lower  than  1%)  [9]: 

n=2-0.41x-f  0.07x^  =1.45+ai  9y+0.1 6y^  (1 ) 

and  the  results  are  given  in  Table  1.  The  sample  identification  is  made  by  its  refractive  index  values 
(at  X=632.8  nm).  In  the  last  row  of  the  table  1  there  are  the  values  for  Si3N4  and  we  can  observe  that 
the  normalization  to  the  silicon  label  produces  a  good  value  for  nitrogen. 


Table  1 .  Results  concerning  the  film  composition,  obtained  using  the  Temple-Boyer  formula. 
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Fig.  1 .  The  refractive  index  dispersion  and  the  fit  with  Cauchy’s  formula. 
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We  have  studied  the  spectral  dispersion  of  the  refractive  index  for  our  five  different  a- 
SiOxNy  samples  (Fig.l).  The  dispersion  spectra  of  the  refractive  index  was  fit  using  the  Cauchy 
formula; 

n  =  a  +  J-,  (2) 

where  a  and  p  are  the  Cauchy’s  parameters  and  X  is  the  wavelength  of  light  used  at  SE.  For  2  oo , 
the  significance  of  the  a  parameter  appears  immediately  as  n„  .  The  values  of  the  fit  parameters  and 
the  fit  quality  parameter  (x^)  are  presented  in  Table  2. 


Table  2.  Cauchy  parameters  and  the  fit  quality. 


n 

a 

3(*10'^) 

1.61 

1.59 

0.87 

1.3  10’* 
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0.90 
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1.78 
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Another  model  used  in  the  refractive  index  dispersion  study  is  the  Sellmeier’  model  that 

gives: 


n 


2 


(3) 


where  A  and  B  are  the  Sellmeier  parameters.  Under  these  conditions  we  can  see  that 
=  Vl  +  A  and  the  calculated  values  are  given  in  the  fourth  column  of  the  Table  3.  Comparing 
these  values  with  the  a  values  from  table  2  we  find  a  good  agreement. 


Table  3.  Sellmeier  constants  for  the  studied  SiOxNy  thin  films. 


n 

A 

B*10'^ 

B*10'^(eqn(5)) 

1.61 

1.826 

1.579 

1.59 

1.512 

1.7 

1.847 

1.565 

1.68 

1.564 

1.82 

2.221 

1.614 

1.79 

1.610 

1.98 

2.792 

1.787 

1.85 

1.784 

2.00 

2.882 

1.646 

1.97 

1.644 

Wemple  and  Di  Domenico  [10]  have  developed  a  model  where  the  refractive  index 
dispersion  is  studied  in  the  region  of  transparency,  bellow  the  gap,  using  the  single-oscillator 
approximation.  Defining  two  parameters,  the  oscillation  energy,  Eo,  and  the  dispersion  energy,  Ej,  the 
model  concludes: 


n^ico)-  Is 


EdE„ 

E^-E^ 


(4) 


Both  Wemple  parameters  can  be  obtained  fi-om  the  slope  and  the  intercept  with  the  Y  axis  of 
the  plot  (n^-l)’’  =  f(E^).  The  energy  oscillation  and  dispersion  energy  values  are  given  in  Table  4.  The 
dispersion  energy  measures  the  average  strength  of  interband  optical  transitions.  Wemple  and  Di 
Domenico  have  related  this  parameter  with  the  coordination  number  for  anion  and  the  valence 
electrons  number  per  anion.  In  our  case  the  Ej  values  increase  with  increasing  the  silicon  nitride 
relative  percentage  in  the  films  (the  bonds’  number  per  nitrogen  atom  is  higher  in  comparison  with 
that  of  oxygen  atom).  The  oscillator  energy  is  related  by  an  empirical  formula  to  optical  gap  value: 
Eo=1.7Eg  [11,12]  The  calculated  values  of  the  optical  gap  are  also  presented  in  table  4.  We  can  see 
that,  higher  oxygen  content  in  film  means  a  higher  optical  gap  value.  This  result  is  very  important 
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because  it  shows  that  the  refractive  index  and  the  optical  gap  of  the  material  can  be  controlled  by  the 


deposition  conditions. 

Applying  tlie  Sellmeier’s  model  and  the  Wemple’s  model  on  the  same 
the  A  and  B  parameters  can  be  expressed  as: 


and  B  = 


h  c 


photon  energy  range. 


(5) 


where  h  is  the  Plank’s  constant  and  c  is  the  light  speed  in  vacuum. 

We  have  calculated  the  B-parameter  values  using  eqn  (5)  and  the  results  are  given  in  Table  3. 
A  comparison  between  the  third  and  the  fifth  columns  shows  the  good  agreement  between  the  two 
optical  models. 

The  influence  of  the  relative  percentage  of  oxygen  on  the  optical  gap  values  can  be  observed 
from  the  correlation  of  tlie  results  presented  in  Table  1  and  4.  In  such  way,  we  have  correlated  the 
two  optical  films’  parameters  with  each  other  and,  an  optical  one  with  a  structure  parameter.  As  it  is 
known,  when  the  effective  refractive  index  decreases,  the  value  of  the  optical  gap  increases.  One  the 
other  hand,  higher  silicon  dioxide  in  the  film  means  higher  optical  gap  values.  For  silicon  nitride  filrn, 
we  have  obtained  a  good  agreement  with  the  literature,  concerning  the  optical  gap:  5.43eV  in 
comparison  with  5.35  eV  [13]. 

Typical  high-frequency  capacitance  curves  for  SiOo.5oNi.o4  and  SiOoseNo.ro  samples  are 
plotted  in  Fig.  2.  The  density  of  effective  fixed  charge  Qeir  is  estimated  from  the  flatband  voltage 
values  and  are  presented  in  Table  5.  For  sample  SiOo.soNi  04  rio  hysteresis  in  the  C-V  curve  and  lower 
Qeff  are  observed.  This  can  be  related  to  higher  amount  of  nitrogen  present  in  the  near-  interface 
region,  which  attaches  unsaturated  Si  bonds  (03=Si  ).  As  the  oxygen  content  increases,  the  interface 
region  approaches  the  standard  Si/Si02  as  can  be  seen  in  Fig.l.  The  small  hysteresis  is  indicative  for 
the  presence  of  slow  interface  traps  with  a  density  of  4xl0'®  cm'^. 

The  densities  of  the  interface  traps  are  given  in  Table  5.  The  dielectric  permittivity,  Sj,  is 
calculated  from  the  dielectric  capacitance,  Ci,  in  the  strong  accumulation  regime  (Creieos/ti).  Its  value 
is  also  given  in  Table  5.  According  to  the  refractive  index  behavior,  as  the  oxide  fraction  becomes 
higher  in  the  film  structure  the  dielectric  permittivity  decreases. 


Table  4.  Optical  gap  and  Wemple  Di  Domenico  parameters  for  the  studied  films. 


n 

Ed  (eV) 

Eo  (eV) 

EJeV) 

1.61 

15.48 

10.09 

5.93 

1.73 

18.25 

9.96 

5.86 

1.82 

21.66 

9.78 

5.75 

1.98 

25.94 

9.28 

5.46 

2.00 

27.87 

9.23 

5.43 

Table  5.  The  dopant  density,  N,,  the  effective  dielectric  charge  density,  Qe®  and  the  dielectric 
permittivity,  6]  for  SiO0.50N1.04  (1)  and  SiOo.seNo.rs  (2)  samples 


Sample 

Na 

(cm'^) 

Qeff 

(cm-') 

Ci 

1 

1.3x10'^ 

1.42x10" 

5.10 

2 

1.3x10'^ 

3.82x10" 

4.42 

The  distribution  of  the  interface  traps  over  the  silicon  energy  gap  is  displayed  in  Fig.  3. 
Again,  the  higher  nitrogen  content  leads  to  smaller  density  over  most  of  the  bandgap.  Obviously, 
trivalent  Si  such  as  Si3=Si'  forms  rigid  Si-N  bonds  reducing  the  intrinsic  stress  at  the  interface. 
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Voltage  (V) 

Fig.  2.  Normalized  1  MHz  capacitance-voltage 
characteristics  of  MIS  structures  for  SiOo.5N)  .o4 

(l)and  SiOo.86No.79  (2). 
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Fig.  3.  Energy  distribution  of  the  interface  traps, 
Dj,,  in  the  Si  bandgap. 


As  a  consequence,  the  density  of  interface  traps  related  to  deformed  and/or  dangling  bonds 
becomes  lower.  The  lower  intrinsic  stress  at  the  interface  is  supported  by  the  low  trap  density 
approaching  the  conduction  band  edges. 

The  higher  density  near  midgap,  in  the  sample  with  deficit  in  nitrogen,  can  be  connected 
with  large  amount  of  trivalet  Si  defect  centers. 


4.  Conclusion 

The  content  of  this  paper  can  be  synthesized  as; 

1 .  Deposition  of  LPCVD  a-SiON  films  it's  a  good  solution  to  obtain  films  with  controlled 
refractive  index; 

2.  The  dispersion  of  the  refractive  index  for  samples  with  different  silicon  dioxide  content 
was  successfully  fitted  with  Cauchy  and  Sellmeier  formula; 

3.  The  optical  gap  energy  (Eg)  and  the  oscillator  energy  (Eo)  become  higher,  while  the 
oscillator  strength  (Ed)  lower,  with  increase  of  the  silicon  dioxide  in  the  film.  The  latter  is  indicative 
for  the  stronger  Si-N  than  Si-0  bonds. 

4.  The  optical  gap  and  the  dispersion  energy  values  were  determined  using  Wemple  and  Di 
Domenico  approximation. 

v)  From  the  C-V  data  analysis  we  can  conclude  that  the  observed  much  lower  total  density  of 
defects  in  SiOxNy  in  comparison  with  conventional  thermal  SiOa/Si  structures  is  due  to  the  effect  of 
nitrogen  incorporation,  which  produces  strong  S-N  bonds  to  replace  the  weak  Si-0  bonds  and  to 
saturate  the  OssSi'  and  Si3=Si'  dangling  bonds. 
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